Space Station Attitude Control and Momentum
Management Design

T
S

In this example we will design and analyze the control system of a large and flexible Space Station in
orbit around the earth. The attitude control system (ACS) stabilizes the spacecraft attitude by using
reaction control jets (RCS) and control moment gyros (CMG). We will design a control system, not
only to control the Station attitude, but also to manage the CMG momentum and will analyze the
system’s stability and performance using simulations and classical frequency response analysis
methods. The Space Station configuration is one of the original dual keel concepts similar to the
picture in Figure 1b. It consists of a truss structure with some attached modules for the crew,
equipment, experiments, etc. which are located near the center of the structure. The Space Station orbit
is circular and its attitude is mostly constant relative to the Local Vertical Local Horizontal (LVLH)
frame. The LVLH x-axis is in the direction of the velocity vector, the z-axis is pointing towards the
earth center and the y-axis towards the right solar array.

The Attitude Control System has different modes of operation that use both: RCS jets and CMGs,
either independently or together. They are used for: maneuvering, attitude hold, Shuttle docking,
momentum management using CMG control and gravity-gradient, and momentum desaturation using
RCS control. One of the control modes is the momentum management mode where the spacecraft uses
gravity gradient to stabilize the CMG momentum and the attitude converges to the Torque Equilibrium
Attitudes (TEA). The CMGs are considered as a cluster located near the center of the structure and not
modeled individually with steering logic. They are momentum exchange devices that have limited
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torque and momentum. Momentum is the integral of torque, which means, they can only supply torque
for a limited time before they saturate and when they do, the torque drops to zero and they require
momentum desaturation. Momentum dump is achieved either by firing RCS jets or by applying gravity
gradient torque.

The Station has a horizontal boom with two rotating solar arrays which are always pointing towards
the sun, completing, therefore, one rotation per orbit relative to the spacecraft. The aerodynamic
disturbances on the spacecraft are balanced with CMG torques that cause the CMG momentum to
cycle but the control system prevents it from saturating. The disturbances consist of steady torques
combined with cyclic components that excite the spacecraft attitude to oscillations. There are two
frequency components associated with the cyclic disturbance torques: one is at orbital rate , due to
the difference in atmospheric density between the sunny and the dark sides of the earth, and the second
component is at twice the orbital rate 2w, produced by drag variation due to the solar arrays rotation.
In this mode of operation the function of the CMG control system is not to maneuver the Space Station
attitude but to stabilize it at the TEA and to attenuate the attitude oscillations which are caused by
cyclic aerodynamic disturbances.

Figure 1b Dual-Keel Space Station Configuration



The purpose of this example is to familiarize the analyst with the Flixan program, create rigid and
flexible spacecraft models and use them for control design and simulations. We will develop linear and
non-linear rigid and flexible spacecraft models, design LQR state-feedback gains for attitude control
and momentum management, and analyze them. Since the spacecraft is stabilized in the LVLH frame
the dynamic model attitude and rates are calculated in the LVLH frame. We will also analyze the
system’s stability and performance by using simulations and frequency response analysis. The analysis
is separated into four main sections.

In Section 1 we demonstrate how to use the flexible structure modeling program to create
spacecraft state-space models from modal data (modal frequencies and shapes) that were
created from a finite elements model. Rigid-body dynamic models are created by using only the
first 6 rigid-body modes. We will show how to define different types of actuators and sensors
and specify their locations on the flexible structure, how to compare the modal strength
between actuator and sensor nodes and how to select a set of dominant modes to be included in
the flex model. We will also show how to analyze the ACS stability and performance including
flexibility using simple RCS and CMG controllers. The analysis files of Section 1 are in this
directory: “Examples\Large Space Station\ (a) Mat Flex Lin (FEM)”.

In Section 2 we will develop linear and non-linear rigid-body dynamic models in the LVLH
frame using Matlab and Simulink, design LQR state-feedback controllers for attitude control
and momentum management, and analyze the four ACS modes of operation using simulations
and frequency responses. The analysis files of Section 2 are in this directory: “Examples\Large
Space Station\ (b) Mat NonLin RigBod”.

In Section 3 we will combine the non-linear rigid models created in Section 2 with the flexible
structure models generated in Section 1 and perform simulations, stability analysis and
sensitivity analysis to disturbances. The analysis files of Section 3 are in this directory:
“Examples\Large Space Station\ (c) Mat NonLin Flex”.

In Section 4 we will use the flight vehicle modeling program to generate the flexible Space
Station model. In addition to flexibility this model includes the rigid-body and CMG dynamics
linearized in the LVLH attitude. We will repeat the analysis of the previous sections and
compare results. The analysis files of Section 4 are in this directory: “Examples\Large Space
Station\ (d) Mat Flex Lin (FVP)”.



1. Linear Analysis Using Finite Element Models

In this section we will design a preliminary attitude control system for the Space Station using linear
state-space systems derived from a finite element flex model (FEM). The files for this linear analysis
are in folder “Examples\ Large Space Station\ (a) Mat Flex Lin (FEM)”. The structural modal data
were extracted from a Nastran FEM output, reformatted, and have already been reduced to the first 55
modes at 28 structural locations (nodes). The modal data are saved in standard format recognizable by
Flixan in file “FlexSpaceStruct.Mod” containing the mode shapes (¢;;) and slopes (cj;) at each node (i)
and mode frequency (j). The first 6 modes are rigid body modes at zero frequency and the remaining
are structural modes at incremental frequencies in (rad/sec).

The modal data units are in standard Nastran units. The modal displacements are in (inches/inch), the
modal slopes are in (rad/inch), and the modal masses are in (Ib-sec?/inch). The damping coefficients
for all modes are set to £=0.005 and the modal masses are normalized to unity. We are not going to use
all the modes, but we will select 38 modes from the modal data file, scale them, and use them to create
the state-space systems. We will also need a file that describes the 28 nodes in the same order as they
appear in the modal data file. It is known as the nodes map “FlexSpaceStruct.Nod”, shown in the table
below. This file is used in menus to facilitate the mode selection process, as it will be discussed later. It
includes is a short description for each node, and they are identified by a node number (1 to 28) and a
long node ID number that is derived from the Nastran output.

NODE IDENTIFICATION TABLE FOR THE LARGE SPACE STATION WITH SOLAR ARRAYS AND CMG

Node Description Node No FEM 1D Node Location X,Y,Z (feet)
Payload boom, (top-right) 1 1060

Payload boom, (center) 2 3000

Payload boom, (top-left) 3 2060

Not Used 4 3100

Right Solar Array Boom 5 6070 0.0 232.35 18.0
Right Solar Array (Connect) 6 505

Right SA Boom, Outboard the Hinge 7 6045

Right SA Boom, Inboard the Hinge Servo 8 6039

Right Boom (Sensor Assembly) 9 6001

Right Keel/Boom Intersect, CMG Location 10 1000

CG Center of Structure 11 7001

Left Keel/Boom Intersection 12 7010

Not Used 13 2000

Left Boom 14 5001

Left Boom, Inboard the Hinge Servo 15 5039

Left SA Boom, Outboard the Hinge Servo 16 5045

Left Solar Array (Connect) 17 410

Left SA Boom, Extreme end 18 5070 0.0 -224.63 16.0
Right Habitat Module 19 9017

Module, (Front Dock) 20 9018

Center Habitat Module 21 9007

Bottom Payload Boom (Right) 22 1160

Bottom Payload Boom (Center) 23 4000

Bottom Payload Boom (Left) Antenna 24 2160

Top Right RCS Thruster Assembly 25 1050 0.0 73.7 -185.0
Top Left RCS Thrusters Assembly 26 2050 0.0 -65.58 -185.0
Bottom Right RCS Thruster Assembly 27 1150 0.0 73.7 144 .0
Bottom Left RCS Thrusters Assembly 28 2150 0.0 -65.58 144.0
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The Red numbers are the few chosen locations which are included in the modal data file
The Blue numbers are the node ID numbers as they are defined in the finite elements model

Figure 1.1 Node Numbers, Nastran IDs, and their Locations in the Structural Model

Figure 1.1 shows the locations of the structural nodes which are included in the map file. The station is
controlled by a cluster of double gimbal CMGs which are mounted together at node #10. The attitude
control sensors are at node #9. There are four RCS jet pods located at nodes (25, 26, 27, and 28). Each
RCS pod has three jets of 20 (Ib) each firing in three directions. All four RCS pods can fire in the £x
directions. The two jets on the left side generate forces in the +y direction and the two jets on the right
side generate forces in the —y direction. The arrows in Figure 1.1 show the force directions. Our
spacecraft model will only use some of the structure nodes available in the modal data files. It is a
good practice to include sufficient nodes in the modal data file in case they may become useful in
future models at a later time.

In Section 1.1 we describe how to create the data file “FlexSpaceStruct.Inp” that contains the input
datasets for three Space Station models. The datasets contain locations and directions of input forces
and torques, sensor locations and directions, sensor types, selected modal data, etc for 3 spacecraft
models:



a. Flexible Spacecraft with 38 modes, including 6 rigid-body modes,
b. Flexible Structure with 32 modes, without rigid-body modes, and
c. Rigid Spacecraft with only 6 rigid body modes

The datasets are processed by the flexible spacecraft modeling program to create the Space Station
systems. The state-space systems are saved in systems file “FlexSpaceStruct.Qdr”. In the following
sections we will also design a jet selection logic that determines an optimal combination of jets to fire
in order to rotate the vehicle in a direction demanded by the ACS. The jets in the Space Station models
are represented as throttling devices with zero nominal thrust.

1.1Creating Flexible Space Station State-Space Models

In this section we will describe how to create Space Station models by defining the spacecraft
configuration in terms of actuator and sensor locations, types of, and directions. How to select a set of
dominant structural modes from the modal data file, and how to use the *“Flexible Spacecraft
Modeling” option of the Flixan program to generate state-space systems for simulations and control
analysis. In order to create a new flexible spacecraft system one has to specify its configuration in an
input data file (.inp). The dataset that specifies the flex spacecraft is either created interactively or by
modifying a previously created dataset. In the following example we will describe how to use the
Flixan program to create the flexible Space Station input dataset interactively from scratch by means of
window dialogs. When the flexible spacecraft dataset is complete, it is a lot easier to modify it using an
editor and rerun it in order to create a different state-space model. The dataset can also be processed in
batch mode.

Start the Flixan program and select the folder ““Examples\ Large Space Station”. From the Flixan main
menu select “Program Functions”, then “Flight Vehicle/ Spacecraft Modeling Tools”, and “Flex
Spacecraft (from Modal Data)”. From the filenames selection menu, select the input data and the
system filenames: “FlexSpaceStruct.Inp” and “FlexSpaceStruct.Qdr”. At the bottom of the filenames
selection menu, click on “Create a New Input Set” to enter the spacecraft data interactively since at this
point we assume that the input dataset does not exist in file yet.

" Flixan, Flight Yehicle Modeling & Control System Analysis

Utilities  File Management = Program Functions = View Cluad  Help Files

Flight Yehicle/Spacecraft Modeling Tools ¥ Flight Wehicle, State-5pace
Frequency Control Analysis H] Actuator State-Space Models
Robust Control Synthesis Tools H] Flex Spacecraft (Modal Data)

Creating and Moedifying Linear Systems H] Create Mixing Logic/ TVC

L] L L Trirn/ Static Perform Analysis
Flex Mode Selection
L




Select a Project Directory X || Select Input and System Filenames
| C:\Piixan\Examples\Large Space Station | || Select a File Name containing  Select a File Name containing
the Input Dota Set (xInp) the State Systems (x.Cidr)
F-15 Aircraft ~
> Fighter Aircraft SpaceStation.np Spa ceStaﬁun.[ldrI
> Flex Agile Spacecraft with SGCM
N Interceptor 5C FlexSpaceStruct.Inp FlexSpaceStruct.Odr
R
5> || {a) Mat Flex Lin (FEM) NewFile.Inp NewFile.Qdr
> (b) Mat MonLin RigBod
> {c) Mat MonLin Flex
3 {d) Mat Flex Lin (FVP)
> Docs o
< >
oK Cancel 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 data file “FlexSpaceStruct.Inp”. There are three datasets already included, but since we are
creating a new dataset we are not going to select them, but instead click on “Create New” button to
create a new flex spacecraft dataset in this file.

Select a Set of Data from Input File

Select a Set of Input Data for "FLEXIBLE SPACECRAFT" from an Input File: Run Input Set
FlexSpaceStruct Inp

Large Flex Space Structure, 38 Modes Exit Program
Rigid Body Space Structure

Large Flex Space Structure, 32 Modes, Flex Only Create New



In the following dialog the user must enter the title of the new flexible spacecraft dataset to be created
“Large Flexible Structure, 38 Modes”. Also, the number of force excitation points (11) and the number
of torque excitation points (6) which are inputs to the spacecraft structure. You must also define the
outputs. That is, the number of sensors that measure either: linear translation, velocity, or acceleration
(7), and the number of sensors that measure either: rotation, rotation rate, or rotational acceleration (8).

Input Data for the Flexible Spacecraft System

Enter the following infs | Large Flex Space Structure. 38 Modes| ‘

Select a Modal Data File Select a Modes Map File Select an H-Parameters File
exS paceStuct Mod ex5paces et Mod ]

Continue

Mumber of lnput Farce Excitation Paints

Mumber of Input Torque Excitation Paints
Murnber of Translation Measurement Paoints 7

Mumber of Rotation Measurement Points

QEES

Enter some comments regarding the new Flexible Spacecraft system
Thiz iz a Large Flexble Space Station that uses ChGs and BCS for Athitude Control ‘

The dialog also has three filename menus for selecting 3 files, (a) the modal data filename (.Mod), (b)
the nodes map filename (.Nod), and (c) the H-parameters file (.Hpr). The H-parameters are additional
data that couple bending mode excitation to hinge torques created by rotating bodies, such as
gimbaling payloads, cameras, antennas, etc. In this example we do not have an H-parameters file
because this vehicle does not have any rotating appendages. The solar array joints are locked in the
finite elements model (FEM). The user must select the modal data and the nodes map filenames which
are the only ones appearing in the menus. The yellow field at the bottom of the dialog is for entering
some text comments by the user that describes the spacecraft. This text is for documentation purposes
and it appears in comment lines in the data files, below the system title. Click on “Continue” to
proceed.

In the blue menus that follow the user must select locations in the finite elements model that
correspond to the excitation and measurement points that were defined in the spacecraft input data
dialog above. The menus display the node descriptions and numbers from the map file (.Nod), and the
user must select a node and a direction for each actuator or sensor.

For example, we must associate the 11 force excitation points previously defined with their
corresponding nodes in the FEM. We must also define the force directions. In this case, force #1 is
applied at node #25 in the x direction (1,0,0), force #2 is applied at node #25 in the -y direction (0,-
1,0), force #3 is applied at node #26 in the x direction, force #4 is applied at node #26 in the y
direction, and so on.

Forces number 9, 10, and 11 represent crew disturbances and they are applied at central habitat module
in node #21 in the X, y, and z directions respectively. Some of the inputs are shown below. Click “OK”
after entering each force input to continue.
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Similarly, we must define 6 nodes and the corresponding directions for the 6 torques applied. There are
three control torques about X, y, and z axes, generated by the CMGs cluster at node #10. The menu/
dialog below defines the first control torque about the x-axis. There are also three disturbance torques
that must be defined at node #1, about X, y, and z axes, due to a gimbaling payload that creates reaction
disturbances. Click “OK” after defining each torque input to continue.

Define Locations and Directions of the System Inputs

Define a Direction Yectar for Tarque Excitation: 1 100 0.00 0.00 0k
along =.4.2

Select a Location [Made] for Torgue E=citation: 1 Cancel
Payload boom, (top-right) 1 100

Pavyload boom, {(center) z 2000

Payload boom, (top-left) 3 Z0&0

Tnknow 4 2100

Bight S2olar Array Boom E &0 0

RPBight S2olar Array (Connect) & Lok

Bight 24 Boom, Outhoard the Hinge 7 c0d5

Bight 24 Boom, Inboard the Hinge Serwvo =] &322

Bight Boom (Sensor Assembly) 2 001

Bight FEeel/Boom Intrsect, CMG Location loaa
CE Center of Structure 11 Fool
Left HKeel/Boom Intersection 1z Fola
Tnkniow 1z zoono
Left Boom 14 Eool
Left Boom, Inboard the Hinge Servo 15 L0225
Left 34 Boom, Outboard the Hinge Serwvo le L4k
Left Solar Array (Connect) 17 410
Left 34 Boom, Extreeme End 1= LEovo
Bight Habitat Module 13 2017
Module, (Front Dock) z0 Q01=
Center Habitat Module 2l 2007
Bottcom Payload Boom (Right) P 11ls0
Bottcom Payload Boom (Center) 3 4000
Bottom Payload Boom (Left) Antena z4 z1l&s0
Top Right RCE Thruster Assemhly pog 10E0
Top Left BCE Thrusters Assemhly ZE Z0E&0
Bottom Right BCE Thruster Assemhly 27 1150
Bottom Left BCS Thrusters Assembly za Z1E50

10



The next step is to define the 7 accelerometer measurements. There are three accelerometers at the
attitude control sensors node #9 measuring about X, y, and z, two accelerometers at the right end of the
solar array boom (node #5), and another two at the left end of the solar array boom (node #18). The
menu below shows how translational acceleration sensor #1 is defined by selecting the node title, the
measurement direction from the direction menu, and the acceleration option from the sensor type:
(position, velocity, acceleration) menu. Click the “Select” button to continue. Sensors #2 and #3 are
also located at node #9 measuring in the y and z directions respectively.

Define Locations and Directions of the System Outputs

Select a Location [Maode] far Tranzslation Senzor 1
Payload kboowm, (top-right) 1 laes0
Payvload boom, (center) z 2000
Payload kboom, (top-left) 3 z0&0
Tnknowm 4 2100
Bight Solar Array Boom E &070
Bight Solar Array (Connect) [ EOE
Bight 54 Boom, Outhoard the Hinge 7 045
Bight 5%& Boom, Inboard the Hinge Serwvo g 50359
Bight Boom (Sensor Assembly) 3 &001
Bight HKeel /Boom Intrsect, CME Location 10 lao0
CE Center of Structure 11 Jool
Left Keel/Boowm Intersection 1z 7alao
ko 1z E0oo
Left Boom 14 ool
Left Boom, Inboard the Hinge Serwvo 15t LEOz5
Left 5S4 Boom, Outbhoard the Hinge Serwvo 1le Lo4t
Left ZSolar Array (Connect) 17 410
Left 54 Boom, Extreeme End 1z Lovo
Bight Habkitat Module 145 2017
Module, (Front Dock) z0 Q018
Center Hahitat Moduale z1 2007
Bottom Payload Boom (Right) ZZ l1l&0
Bottom Payload Boom (Center) 23 4000
Bottom Payload EBoom (Left) Antena z4 zlel
Top PRight PRCS: Thruster Assembly pag lakto
Top Left BCE Thrusters Assembly Z6 z0O&50
Bottom PBight EBCES Thruster Lssembly z7 11t0
Bottom Left BCE Thrusters Assembly P ] z1lE0
Senzor Direction Senzor Type

Define a Direction YWector far Paosition Select

Tranzlation Senzor 1 and alzo what | Alongy Valocit

type of measurement AlangZ

Cancel
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The selection of sensor #4 is similar. It is located at the extreme right end of the solar array boom
(node #5) and it is measuring acceleration in the x direction. Sensor #5 is also located at node #5 and it
is measuring acceleration in the z direction. Click “Select” to continue.

Define Locations and Directions of the System Outputs

Select a Location [Mode] for Tranzlation Sensor 4
Payload boom, (top-right) 1 100
Payload boom, [(center) el 2000
Payload boom, (top-left) 2 z0z0
Tnknotmn 4 2100
Bight S5olar Array Boom 5 S0770
Bight Solar Array (Connect) & LOs
Bight 54 Boom, Outbhoard the Hinge 7 045
Bight 54 Boom, Inboard the Hinge Servo =2 033
Bight Boom [(Sensor Assemblsy) a &001
Right EKeel /Boom Intrsect, CHF Location 10 1000
CE Center of Structure 11 ool
Left Eeel /Boom Ihtersection 1z 2010
Tnlkrionm 1z zoono
Left Boom 14 Lool
Left Boom, Inboard the Hinge Serwo 1% EO35
Left 54 Boom, Outboard the Hinge Servo le Lo4L
Left Solar Array (Connect) 17 410
Left 54 Boom, Extreeme End 1z Lo
Bight Habitat Module 15 Q2017
Module, (Front Daock) 0 a0ls
Center Habitat Module z1 007
Bottom Payload Boom |(Bight) £ 11&0
Bottom Payload Boom (Center) 3 4000
Bottom Payload Boom (Left) Antena b z1le0
Top Bight BCS Thruster Assembly k5 1050
Top Left PBCS Thrusters Assembly ZE Z050
Bottom Bight BCS Thruster Assemblsy 27 1150
Bottom Left RBCE Thrusters Assemblsy g 2150
Sengor Direction Sengor Type
Diefi A— — Select
efing a Direction Vector for Fm Paszition
Tranzlation Sensor 4 and alzo what | Along-y Wielacit -
type of meazurement Along-Z
Carnicel

We must finally define the 8 rotational measurements. There are three rate gyros at the ACS sensors
(node #9) measuring about X, y, z axes. That is, three rate gyros at an antenna location (node #24)
about x, y, z, and two pitch rotational acceleration sensors outboard the solar array hinges (nodes #7
and #16). The selection of sensor #1 and sensor #7 are shown in the next two dialogs. Using the two
menus at the bottom of the menu we can select the measurement direction (roll, pitch, yaw), and the
sensor type (position, velocity, acceleration). In this case, rotational sensor #1 is located at node #9 and
it is measuring roll rate. Similarly, rotational sensor #7 is located at node #7, which is the right SA
boom and it is measuring pitch acceleration.
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So far we have defined the actuator and sensor points on the structure, their directions, and type of
measurements. This information will be saved in the input data file “FlexSpaceStruct.Inp”. We are not
defining the actuator and sensor dynamics now. They will be defined later in the simulation block
diagram by transfer function blocks. At this point the program activates the mode selection process
requesting the user to select a number of flex modes from the modal data file “FlexSpaceStruct.Mod”.
We usually do not include all of the available flex modes in the spacecraft state-space model but only
the strongest ones. The structural modes are processed by a mode selection program and the strongest
modes are included in the flexible spacecraft dataset together with the actuator and sensors definitions.
This mode-selection program is different but similar to the mode selection program used in the flight
vehicle program.

At this point the program opens the following
dialog where the user specifies how the modes
will be compared. In this case we are comparing
all modes from #1 to #55. We will use only one
excitation force point and measure the structure

Select Range of Modes, Number of Vehicle Locations E]

You must define some points on the flex model where excitation forces
and torques are applied to the structure, and the direction asis. You must
alzo define points where motion [rotational or tranzlational) is zenzed and
alzo the sensing direction.

excitation using only one rotational sensor. Note
that, this is only for mode comparison purposes
and not for defining the simulation model inputs
and outputs. We have already defined the | Mumber of Senscr Paints. Translations: IT Rotations If
spacecraft inputs and outputs. Use the default _ _

graphics option for manually selecting the | Medeselestion ~hade Selzction Fracess

modes and ignore the number of modes to be - e %

[u]

selected field.
Mumber of Modes to be
12 OF.

Selected

Caompare Strength Bebween  Mode: 1 and Mode 55
n

Murnber of E=citation Paoints,  Forces: 1 Tarques

' aw

The following dialog is used for scaling the selected modal data in order to convert them from units of
(inches) to units of (feet). The modal mass is scaled up by a factor of (12) to be converted from (lb-
sec?/inch) to (Ib-sec?/ft). The modal displacements do not change because they go from (inches/inch)
to (feet/ft). The modal slopes are also scaled up by a factor of (12) to be converted from (radians /inch)
to (radians/feet). The signs for the coordinate axes transform do not change because the directions of
(X, Y, Z) axes are the same in both FEM and Flixan models.

3

| 12.000
| 1.0000

| 12.000
todify Coardinates from Mastran Axes to Wehicle Ares

++4 inYehicle Axes Correzponds to: |+ in Structures Axiz

Modal Data Scaling Factors

taodal Data Scaling Factors

Generalized M ass [Gm] Multiplication Factor
kodal Displacement [phi] Multiplication Factor

kodal Slope [zigma) Multiplication Factor

+7 inYehicle Axes Correzponds to: |+7 0 Structures Axes

+7 in Wehicle &xes Comesponds to: [+ in Structures Axes Ok
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The next step is for defining force excitation points used for mode selection purposes only and not for
defining the system inputs. The dialogs are similar to the ones used for defining the spacecraft input
and output nodes, but now they are used to define the excitation and measurement locations and
directions for mode strength comparison. The background color of these menus is different from the
previous menus in order to avoid confusion. In this case we have defined only one force excitation
point to excite the structure at node #25 in the +z direction. Click “OK” to continue.

Table of Yehicle Structure FEM Nodes

In mode zelection, in order o calculate the relative mode strength of a number of modes in a specified ok
direction you must define some node pointz in the Mastran model where the excitation forces or torgues will

be applied and alza the farcing directions.

Sirnilarly, vou musgt alzo define the sensar points [translations or rotationg) and the zenzing directions. Lancel
Select a Location {(Node) for Force Excitation - 1 Auia
Fayload boom, (tCop-right) 1 10&0 Alorng-=
Payload boom, {(center) Z 2000 Along-r
Fayload boom, (top-left) el Z0&0

Trlzronm 4 2100

Fight Zolar Array Boom 5 070

Fight Solar Array (Connect) =] LEO&

Fight 2A Boom, Outboard the Hinge i 5045

Fight SA Boowm, Inboard the Hinge Servo g 6039 Direction
Fight Boom (Sensor Assembly) 3 5001

Fight EKeel/Boom Intrsect, CHG Location 10 laan0 - [hegative)
CE Center of Structure 11 7o0l

Left Feel/Boom Intersection 1z Jalo

Unknour 13 Zoao

Left Boom 14 Lool

Left Boom, Inboard the Hinge Serwvo 1k EOz9

Left 24 Boom, Outhoard the Hinge Serwvo 1& Lo4k

Left Bolar Array (Connect) 17 410

Left 24 Boom, Extresme End 18 Lavo

Fight Habitat Moduls 13 017

Module, (Front Dock) 20 2018

Center Habitat Module £l Q007

Bottom Payload Boom (Bight) 22 11&0

Bottom Payload Boom (Center) Z3 4000

Bottom Payload Boom (Left) Antena z4 2160

Top Bight BCE Thruster Assembly P 10&k0

Top Left BCE Thrusters Assembly ZE 2050

Bottom RBight BCE Thruster Assembly Z7 11E0

Bottom Left BCS Thrusters Assembly 28 2150

Mode Description,  Mode Humber, Mastran Mode |D Mumber, Location Coordinates [+, %, £]
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Similarly, we have also defined one rotational sensor at node #9 for modal comparison purposes. It is
measuring in the positive pitch direction. Click “OK” to continue.

Table of Vehicle Structure FEM Nodes

I made selection, it order to caloulate the relative mode strength of a number of modes in a specified ok
direction wou must define some node points in the Mastran model where the excitation forces or torques will

be applied and alzo the forcing directions.

Sirmilarly, wou must alzo defing the senzaor points [franslations or ratationz] and the zenzing directions. Cancel
Select a Location {Node) for Rotational Sensor: 1 o
Payload boom, (top-right) 1 loe0 Rall
Payload boom, [(center) e 3000

Payload boom, i(top-leift) 3 Z0&0 aw
kot 4 2100

Pight Solar Array Eoom 5 s070

Bight Solar Array (Connect) & LOE

Bight 54 Boom, Outbhoard the Hinge 7 c04 5

Dight 54 Boom, Inboard the Hinge Servo 2 £039 Directian
Pight Boom (Sensor Ass 3 001

Pight Keel/Boom Intrsect, CHME Location 10 laoo - [negative]
CG Center of Structure 11 Tool

Left Eeel/Boom Intersection 1z 7010

Tnkrnown 1z sl n uf]

Left Eoom 14 ool

Left Eoom, Inboard the Hinge Serwvo 1% Loz

Left %4 Boom, Outbhoard the Hinge Serwo 1le Lo4kt

Left Solar Array [Connect) 17 410

Left 54 Boom, Extreeme End 1= Lovo

Pight Hakhitat Module 13 2017

Module, (Front Dock) zZ0 201%

Center Habitat Module 1 2007

Bottom Payload Boom (Bight) ZE 11&0

Bottom Payload Boom (Center) £3 4000

Botton Payload Boom (Left) Antena £4d 2180

Top Bight RCE Thruster Assembhlqy k5 loL0

Top Left BCE Thrusters Assembly e Z0L50

Bottom PBight BCS Thruster Aszsembly 7 11E50

Bottom Left BCS Thrusters Aszsembly b ] Z1E0

Mode Description,  Mode Mumber, Mastran Hode [D Humber,  Location Coordinates [, %, 2]
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The program calculates the modal strength for all modes, calculates the modal strength, and plots its
magnitude in the bar log-chart below. Each vertical bar represents the strength of the corresponding
mode and the height is proportional to its strength. Initially, before selection all bars are red. A mode is
selected when you click on it with the mouse cursor and it changes color to green. In this case we are
selecting 38 modes including the first six rigid body modes. It is a good practice to repeat the mode
comparison using different excitation and sensor combination points and different directions. In the
final selection the strongest modes are included after considering several combination runs.

Bl Mode Selection Graph
Mode Strength (use mouse to select the strongest modes in the specified axis)
Select Dominant Modes of: Large Flex Space Structure, 38 Modes

Mode Strength
-
=

30

20

10

0

30 35 40 45 30 a5

10 15 20 :
Mode Number

After selecting a number of modes interactively, press “Enter” on the keyboard and the program will
create the flexible spacecraft input dataset in file: “FlexSpaceStruct.Inp”, under the title: “Large Flex
Space Structure, 38 Modes”. It will also process the data using the flexible spacecraft modeling
program and it will save the state-space model in file: “FlexSpaceStruct.Qdr” under the same title
“Large Flex Space Structure, 38 Modes”. This system must also be exported to the Matlab folder
“Large Space Station\Mat Flex Lin” for further control analysis.
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Exporting the Flexible Space Station System to the Matlab Folder

The Space Station systems must also be reformatted to Matlab m-file in subdirectory “(a) Mat Flex Lin
(FEM)” for further analysis, using the Flixan “Export to Matlab” utility. Start Flixan and select the
project directory: “Examples\Large Space Station”. Then go to “Utilities” and select “Matlab
Conversions”, and then “Export to Matlab”. From the systems menu select the systems file
“FlexSpaceStruct.Qdr” that contains three Space Station systems and click OK. You must also select
the destination directory “\Large Space Station\(a) Mat Flex Lin (FEM)” where the m-file will be
placed for Matlab analysis.

Select a Project Directory X Specify a Matlab Project Directory >
| Ci\Flixan\ExamplesiLarge Space Station | | Zlixan\Examples\Large Space Station\{z) Mat Flex Lin (FEM) |
F-15 Aircraft ~ Flex Agile Spacecraft with SGCM A
Fighter Aircraft Interceptor SC
Flex Agile Spacecraft with SGCH R Large Space Station
Interceptor SC (3) Mat Flex Lin {FEM)
W Large Space Station (b) Mat MonLin RigBod
(&) Mat Flex Lin (FEM) {c) Mat MonLin Flex
(b) Mat MonLin RigBod (d) Mat Flex Lin (FVF)
{c) Mat MonLin Flex Docs
{d) Mat Flex Lin (FVP) Migsile with Wing
Docs W Multi-Engine First-Stage Liquid B .,
< > < >
Cancel Cancel
Select a Systermns File
Select a Systems File from the
Project Directory that confains
the Matrices to be Experted to
“w Flixan, Flight Vehicle Modeling & Control System Analysis Matlab
A . . . . Flexs St t.0d
Utilities  File Management Program Functions  View Cuad  Help Files exSpacestruct.Qdr
o
Select a Project Directory SpaceStation.Qdr
. . MNewFile.d
Select Project Files ewile.Qdr
Create a Mew Matrix
Create a Mew System .
MATLAB Conversions » Export to MATLAE
Out Graphics Format » Read from MATLAB
Exit Flixan Program L oK

18



Use the next dialog to specify that the system will be saved as an m-file function of 4 matrices (A, B,
C, D). The next menu shows the titles of systems in file “FlexSpaceStruct.Qdr”. Select the first title:
“Large Flex Space Structure, 38 Modes” and click on “Select”. Finally enter the name of the m-file to
save the system (without the extension .m), and click OK. The name of the m-file is “Ifss_38m.m”. It
contains the four state-space matrices of the flexible spacecraft system and it will be loaded into
Matlab for control analysis. The Matlab conversion process can be repeated for the other two Space
Station systems.

Export Systerns to Matlab
Select a Matrix, System, or Save the System Data as 0K
Synthesis Model to Read from  Separate Matrix Files
Systems File: "AMat, B Mat, C Mat" or Exit
FlexSpaceStruct.qdr l::llsbtd.'_.’rrrnlnlgh Function File: Save the conversion
; ; a data-getin input file
() single Matrix Flex SpaceStuctIng
System [A,B,C,D Matrix Files (*.Mat 2
@ v : 1 D l: ] @ Do Not Save
() Synthesis Model (®) Function [m-file) () save in File

Select a State-Space Systern from Cluad File

Select a State-Space Model for Matlab Conversion, From Systems File:
FlexSpaceStructqdr

Large Flex Space Structure, 38 Modes

Rigid Body Space Structure
Large Flex Space Structure, 32 Modes, Flex Only

Choose a System Title and then click " Select" Cancel View System Select
Enter a file name (ex. Vehicle) to save the [AB.C.D] matrices as a Matlab m-file oK
function (ex. Vehicle.m)

Ifs=_38m
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Processing the Input Data in Batch Mode

The interactive process described for generating the Space Station models is slow and it is only used
when we begin a new project. It is not necessary to rerun the spacecraft program interactively and the
Matlab conversions every time but after we have created the spacecraft datasets we can modify and
reprocess them much faster in batch mode, as we shall see. In order to process the datasets in batch, the
user must create a batch set that is usually located at the top of the input file. The batch will process the
datasets very fast by calling their corresponding programs and saving the data in the systems file and in
m-files for further analysis using Matlab. The batch set will process almost instantaneously all datasets
created for a particular project which are saved in the same input file.

In this example we have included a batch set in file “FlexSpaceStruct.Inp” that will process the three
spacecraft datasets by calling the flex spacecraft program, 3 times. It will also convert the state-space
systems to Matlab m-files. To run the batch and process the datasets, go to the Flixan main menu and
select “File Management”, “Manage Input Files”, and then “Edit/ Process Input Data”.

% Flixan, Flight Vehicle Modeling & Control System Analysis

Utilities = File Management Program Functions  View Cuad  Help Files
Managing Input Files (Inp) > Edit / Process Batch Data Sets
Managing Systern Files (Cdr) -] Edit / Process Input Data Files

The input file manager dialog comes up. It can be used to process each individual dataset using the
corresponding Flixan program. It has two menus. From the left menu select the input data file
“FlexSpaceStruct.Inp” and then click on “Select Input File”. The menu on the right shows all input
datasets which are in this file and the corresponding programs that will process them. In this case select
the top dataset which is the batch with title “Batch for preparing flexible Space Station models” and
click on “Process Input Data” to process the batch. The batch will process the three spacecraft models,
convert them to Matlab format, and save the state-space systems in directory “Examples\ Large Space
Station”.

Toe Manage an Input Data File, Point to the Exit
Filename and Click on "Select Input File" The following Input Data Sets are in File: FlexSpaceStructInp
FlexSpaceStruct.Inp y Bun Batch Mode : Batch for preparing flexible Space Station models
Select Input File g N
PSR Flex Spacecraft : Large Flex Space Structure, 38 Modes
= Flex Spacecraft : Rigid Body Space Structure

Spacestation.inp Edit Input File Flex Spacecraft : Large Flex Space Structure, 3I Modes, Flex Only
To Matlak Format : Large Flex Space Structure, 38 Modes
To Matlak Format : Rigid Body Space Structure
Process Input Data To Matlab Format : Large Flex Space Structure, 32 Modes, Flex Only
To Matlak Format : Mixing Logic for the Large Flex Space Structure
Delete Data 5ets in File To Matlab Format : RCS Rngular Rccelerations Matrix
Flight Vehicle : Space Station with RCS and CMG
HModal Data : Space Station with RCS and CMZ, 34 Modes
Relocate Data Set in File ,
Replace Systems File?
Copy Set to Another File
The systems filename: FlexSpaceStruct.Qdr
View Data-Set Comments already exists. Do you want to create it again?

Comments, Data-5et User Notes

This batch set creates three state-space models for the Space Station, (a) a flex model of 38 modes including 6 rigid-body medes, (b) a rigid-body model consisting of the first 6 rigid-body
modes, and (c) a flex model of 32 modes that excludes the rigid-body modes, The systems and matrices are converted to Matlab format

20



1.2 Designing a Preliminary CMG Attitude Control System

Figure 1.2.1 shows a closed-loop simulation model consisting of a simple CMG attitude control system
with a PD controller that supplies torque to the linear spacecraft system. It is implemented in Simulink
model “Lin_CMG_Sim.mdI” located in folder “Large Space Station\ (a) Mat Flex Lin (FEM)”. The
attitude control system bandwidth is set to 20 times the orbital frequency. The gains are scaled by the
moments of inertia matrix (J) to provide the same bandwidth in all 3 axes.

cMG/Acs  Fres
4P Frcs whf
L piwh
attit-cmd Tqg}——p{ Temg attit
[1 -1 1] —»Ib @ P ater
Flexible Station

Figure 1.2.1 Flex Space Station Simulation Model “Lin_CMG_Sim.MdI” for CMG/ PD Attitude Control

The control system is shown expanded in Figure 1.1.2. The yellow block is the CMG gimbal dynamics
represented by 2" order transfer functions of bandwidth 2 (rad/sec). The output is a 3-dimensional
torque that drives the flex vehicle model in roll, pitch, and yaw directions.

omg”h2

Moments of CMG

Inertia Matrix . _
Dynamics Torque Limit Temg

PD gains terprets
° ! > LA | (1)
I J
1
wb
2.zet.omg

Figure 1.2.2 PD Controller for the CMG Attitude Control System

The Space Station dynamics (green block) is shown expanded in Figure 1.2.3. It consists of the
continuous state-space system “Ifss_38m.m”, title: “Large Flex Space Structure, 38 Modes” that was
created by the Flixan flexible spacecraft modeling program. This system includes 32 flexible modes
plus the first 6 rigid-body modes. It is loaded into Matlab workspace by running the file “start.m”
which also initializes the simulation parameters. The state-space system “Ifss_38m.m” is included in
the Simulink model “Lin_CMG_Sim.MdI”, as shown in Figure 1.2.3.
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Frcs

,_
T
*

A 4

LL-X

LL+Y

Inputs = 17
Fx RCS Mo 1Applied at Node # 25 (Ibf)
Fy RCSMNo 2 Applied at Node # 25 (Ibf)
Fx RCS Mo 3Applied at Node # 26 (lbf)
Fy RCS Mo 4 Applied at Node # 26 (Ibf)
Fx RCS Mo 5Applied at Node # 27 (lbf)
Fy RCS Mo 6Applied at Node # 27 (Ibf)
Fx RCS Mo 7 Applied at Node # 28 (Ibf)
Fy RCS No &Applied at Node # 28 (Ibf)

00 = Oy M B Lo R

9 Fx Disturb. No 9 at Node # 21 (Ibf)
10 Fy Disturb. Mo 10 at MNode # 21 (Ibf)
11 Fz Disturb. Mo 11 at Mode # 21 {Ibf)

12 Torg-x Mo 1 CMGApplied at Node # 10 (ft-Ib)
13 Torg-y Mo 2 CMGApplied at Node # 10 (ft-Io)
14 Torg-z Mo 3 CMGApplied at Node # 10 (ft-Ib)

15 Torg-x Mo 4 Girbal Dist. at Node # 1 (ft-Io)
16 Torg-y Mo 5 Girbal Dist. at Node # 1 (ft-Io)
17 Torg-z Mo 6 Girbal Dist. at Node # 1 (ft-Io)

Figure 1.2.3 Flexible Space Station Model

Large Flexible Space Station Structure with 38 Modes

acc
accek sensar @
e » axz RBS .
azr
F-dist
E—' sxz LBAS .
o] %' =Ax+Bu arzl
y = CxrDul ” whf
LFSS_38m whlex O
Tecmg
E— ——
= 1 s
w-an Int attit
wyd jaints .
wy-dot
Cutputs = 15 8 X-Rot. Rate at Sensors, Mode # 9 (radian)

1 X-Accelerat. at Sensors, Node # 9 (ft)
2 Y-Accelerat. at Sensors, Mode # 9 (ft)
3 Z-Accelerat. at Sensors, Node # 9 (ft)

4 X-Accelerat. at Right Boom End, Node # 5 (ft)
5 Z-Accelerat. at Right Boom End, Node # 5 (ft)

6 X-Accelerat. at Left BoomEnd. Mode # 18 (ft)
7 Z-Accelerat. at Left BoomEnd, Node # 18 (ft)

1.2.1 CMG System Response to Attitude Commands

9 Y-Rot. Rate at Sensors, Mode # 9 (radian)
10 Z-Rot Rate at Sensors, Mode # 9 (radian)

T X-Rot. Rate atAntena Bot-Left, Node # 24 (radian)
12 Y-Rot Rate atAntena Bot-Left, Node # 24 (radian)
13 Z-Rot Rate atAntena Bot-Left, Node # 24 (radian)

14 Y-Rot Accel at Right Joint. Mode # 7 {radian)
15 Y-RotAccel at Left Joint, Node # 16 (radian)

Figure 1.2.4 shows the closed-loop system’s response to a simultaneous 1° Command in all 3 axes.
Notice that the CMG torque saturates at 150 (ft-1b). The system bandwidth is the same in all 3 axes.

Space Station Linear Simulation, cmd=[1, -1, 1]

150 ——xgy T T

100 |-

on
(=]
|

CMG Torque (ft-Ib)
a2 o
|

=100 —

-150

0 100 200

300

400 500 600 700
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5
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0 100 200 300 400 500 600 700 800 900 1000
x 1073
T T T T T T T T T
_frl \“-‘
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0 100 200 300 400 500 600 700 800 900 1000
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Figure 1.2.4 CMG Simulation System Response to 1° Attitude Commands

1.2.2 Open-Loop Model for Frequency Response Analysis

The Simulink model “Open_Loop_CMG.mdI”, shown in Figure 1.2.5 below, is used for open-loop
frequency response analysis. It consists of the same vehicle and controller subsystems, and it is located
in the same folder “Large Space Station\ (a) Mat Flex Lin (FEM)”. The control loops must be opened,
one at a time, to perform linear stability analysis. The m-file "start.m" initializes the mass properties
and control parameters for the simulations.

The Matlab function (linmod) is used to calculate the state-space system of the open-loop model with
the other 2 loops closed. For roll analysis, for example, the roll loop is opened and the pitch and yaw
loops are closed, as shown in Fig 1.2.5. The file "freqg.m" calculates the frequency response across the
two open ends. Figures 1.2.6 and 1.2.7 show the Bode and Nichols plots for the roll and yaw axes

respectively.
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% Initialization File: start.m

global J J1I wo Th nt r2d d2r Accel Ts Tmax Kr
global ang_acc deadband kledge ratlim_up ratlim_lo

r2d=180/pi; d2r=pi/180;

Th=20; nt=12; Ts=0.02;

wo= 0.0011;

omg=20*wo; zeb=0.85;

Tmax=200;

J= [0.1187e9, -0.476e7, -0.1216e7;
-0.476e7, 0.3863e8, -0.4303e6;
-0.1216e7, -0.4303e6, 0.1101e9];

JI= inv@Q);

[Ave, Bve, Cve, Dve]= rbsc;

[Ave, Bve, Cve, Dve]= Ifss_38m;

load Krcs.mat -ascii

load Accel.mat -ascil

Ainv=Pinv(Accel);

% Phase Plane Logic in (deg)

ang_acc=Th*[2*160/J(1,1), 4*160/J(2,2), 4*70/J(3,

deadband = [1.0, 1.0, 1.0]*0.5;
kledge = [1.2, 1.2, 1.2];
ratlim_up= [0.14, 0.08, 0.13]*0.2;
ratlim_lo= [0.14, 0.08, 0.13]*0.34*0.2;
Na_max=0.636/(deadband(1)*d2r);

Kr(1)= ratlim_up(1) /(2*ang_acc(1));
Kr(2)= ratlim_up(2) /(2*ang_acc(2));
Kr(3)= ratlim_up(3) /(2*ang_acc(3));

Tq

Thrusters

Orbital Rate

ACS bandwidth, damping
Max Torque

Load Flixan Rigid-Body Vehicle Model
Load Vehicle Model from Flixan

Jet Select Matrix (roll,ptch,yaw)
Thrusters Acceleration Matrix

3)1*15;

%

%
%
%
%

RCS dead-band

Upper rate Limit

Lower rate Limit

Max Describing Function
attit + rate mixing gain

CMG ACS

l

wh

Tq
ater

Tcmg
D)
Flex 55
wh
Tcmg
att

Roll axis opened, Other 2 loops closed

Figure 1.2.5 Block Diagram used for Open-Loop Frequency Response Analysis
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Roll Axis Bode CMG Control
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Figure 1.2.6 Roll Axis Stability Analysis Showing the Gain and Phase Margins
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Yaw Axis Opened, Other Loops Closed (CMG contrel)

Bode Diagram
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Figure 1.2.7 Yaw Axis Stability Analysis Showing the Gain and Phase Margins
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1.2.3 Sensitivity Analysis to Disturbances

Sensitivity analysis of the CMG control system to disturbances is used to analyze the spacecraft
response to external excitations. When the Space Station operates under CMG control it must provide a
disturbance free environment for micro-gravity experiments. Sensitivity analysis in the frequency
domain using singular value plots is a good indication of the amount of disturbance isolation achieved
between excitation and sensor locations. This is the reason why we have included additional inputs and
outputs in our analysis models than those necessary for attitude control feedback. The dynamic model
includes disturbance inputs coming from the crew compartment and from a noisy instrument at the top
boom. We have also included outputs for sensitivity analysis such as an earth pointing antenna at the
bottom boom and a couple of optical instruments located at the extreme ends of the solar array boom.

The next two examples calculate the sensitivity responses between two separate groups of inputs and
two separate groups of outputs. The Simulink model “Lin_CMG_Sensitiv.MdI” in Figure 1.2.8 is used
for analyzing sensitivity to disturbances and it has the CMG/ ACS loop closed. In the first sensitivity
analysis case the input is a (3x1) disturbance torque at node #1 which is at the top boom and the output
is a (3x1) angular rate at an antenna located at the bottom boom. The Simulink model “Lin-CMG-
Sensitiv.mdl” in Figure 1.2.8 is modified to select the proper inputs and outputs and the function
“linmod” calculates the state-space system for the corresponding inputs and outputs. The sigma plots
are obtained by running the file “freq.m” and the function “sigma” calculates the SV frequency
response between the selected input and output vectors. Figure 1.2.9 shows the frequencies where the
antenna is most sensitive from the disturbances exciting node #1.

The second sensitivity analysis case is similar. The Simulink model “Lin_CMG_Sensitiv.MdI” was
modified using different sets of inputs and outputs, as shown in Figure 1.2.10. The inputs now are 3
forces (X, y, z) representing excitations from the crew compartment and the output is two
accelerometers in the (x, z) directions located at the extreme left side of the solar array boom. The SV
sensitivity response is shown in figure 1.2.11.

% Frequency Response Analysis File: freq.m

start
[Ao,Bo,Co,Do]=linmod("Lin_CMG_Sensitiv"); % Sensitivity Transfer Funct.
sys=ss(Ao,Bo,Co,Do); % frequency response analysis

figure(4); sigma(sys,w)
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Figure 1.2.8 Simulink model “Lin_CMG_Sensitiv.mdl”” used for Analyzing Sensitivity between Node #1 and Node #24
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Figure 1.2.9 Sensitivity Response between Torques at Node #1 (top) to Rates at the bottom Antenna at Node #24

28



CMG ACS

Flex Station
—| Wb
whbf
Tg—{ Tcmg
—>
ater att
o Tdist w-anten =
acc xz RBS P
f 1 } - P Fdist
Disturb Force at Node-21
- LB18
Fdist Ace Xz accel at left boom node 18
dCC ¥Z

Figure 1.2.10 Simulink model “Lin_CMG_Sensitiv.mdI” used for Analyzing Sensitivity between Node #21 and Node #18

Singular Values
40

S0 =

TO-

Singular YValues (dB)

B0 -

a0 -

100 1 1 | 1 ool 1 1 Lol 1 1 ool 1

107 10~ 10 107 10
Frequency (radizec)
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1.3 Designing a Preliminary RCS Attitude Control System

The Simulink model "Lin_RCS_Sim.mdI" in folder "Large Space Station\(a) Mat Flex Lin (FEM)”,
shown in Figure 1.3.1, is a simple simulation of the RCS Attitude Control System. The linear
spacecraft model (green block) was described earlier and shown in detail in Figure 1.2.3. It includes
the Flixan generated spacecraft m-file “Ifss_38m.m” consisting of 6 rigid-body modes and 32 flex
modes.

——p rater
RCS Forces (12)
f(i) p{Frcs whf
[-10 10 10] bb atter
attit-cmd d2r Phase-Plane E—b Temg att
i Temg
Jet Select Logic Flox Stafion

Figure 1.3.1 Space Station RCS Simulation Model “Lin_RCS_Sim.mdI”” using a Linear Flex Model

The orange block includes the phase-plane and jet-selection logic. The inputs to the phase-plane logic
are attitude errors and the vehicle rate. It calculates the rotation vector about which the vehicle must
rotate in order to reposition from the initial orientation to the commanded attitude. The jet selection
logic uses dot-product to calculate the torque contributions from all 12 jets in the required direction
and selects a few jets that will contribute the biggest moment in the rotational direction.
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The jet selection output is a vector of 12 jet forces and the logic fires up to 3 jets at a time. The
remaining jet thrusts are zero. The phase plane and the jet selection logic block are shown in more
detail below. It is implemented in Simulink using the Matlab functions “Phase_Plane.m” and
“Jet_Select_dot.m”. The phase-pane function also calculates the fuel usage. The phase-plane
parameters such as the dead-band and rate limits are loaded into Matlab by the initialization file
“start.m”. Additional parameters, such as, number of jets, thrust, jet locations, and thrust directions are
also loaded into Matlab workspace and they are used by the jet selection logic to determine which jets
must be fired to provide rotation in the direction commanded by the phase-plane logic. Notice that the
jet selection logic output is 12 jet forces but the RCS force inputs to the flex spacecraft model are 8
RCS jet forces. They are actually throttles (not forces) that vary from zero to +1. This is because in the
logic there are four jets firing in the +x direction and four jets firing in the -x direction, obviously with
a positive thrust. In the spacecraft model, however, each £x jet pair can be represented with a single
thruster that receives either +1 or -1 throttle that corresponds to either positive or negative 20 (Ib) of
thrust. Figure 1.2.3 shows the conversion of the +x RCS jet forces from the jet-select logic to match
the throttle inputs in the spacecraft model.

Figure 1.3.2 shows the phase-plane logic that determines the jet firing direction as a function of the
rate and attitude errors. It consists of three regions: a region of zero firing, a region of positive jet
firing, and a region of negative jet firing. The logic uses three phase planes, one for each axis. The
firing decision is made based on the rate and attitude error combination in the rotation direction to
reduce error.
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|
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|
|
|
|
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—A Attitude error
Dead-lr_Zone
I
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No Firing

Figure 1.3.2 Phase-Plane Shows Conditions for Jet Firing
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1.3.1 Frequency Domain Analysis Using Describing Function

The Describing Function (DF) analysis method will be used in this section to analyze stability of this
spacecraft and to design bending filters for its highly flexible structure. The filters are notches and low-
pass and they are needed to attenuate the modes and to prevent the jet firings from exciting the flex
modes into limit cycles. It is impossible to prevent the structure from getting excited when the jets are
firing but it is possible prevent the flex modes from being driven into limit-cycling. The DF is a single-
input-single-output method that requires the non-linearity to be contained in a single SISO block. It is
not easy to apply the DF method in this case using the exact phase-plane non-linearity because the
phase-plane logic has two inputs (attitude error and rate). We will, therefore, try to approximate it with
a SISO non-linearity that operates in a similar fashion but it is much easier to analyze.

The DF method allows us to analyze sensitivity of the flex modes to instability or measure how close
they are to limit-cycling. It helps us determine at what frequencies it is necessary to design filters that
will prevent flex modes from limit-cycling. When the system is limit-cycling at a certain frequency,
the rate and attitude error trajectory inside the phase-plane in figure 1.3.2 will be very similar to the
trajectory produced by a much simpler phase-plane shown in Figure 1.3.3. The switching lines of the
simple phase-plane are chosen so the limit-cycle trajectory resembles the non-linear trajectory. In this
approximation the non-linearity can be modeled as a dead-zone whose input is a combination of
attitude plus rate error as shown in figure 1.3.4.
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0.+K o, > 1.1A

Rate error T
I
I
I
I

1.1 A |

Dead-Zone 1T.1A
|

Attitude error

Positive Direction

I
I
Jet Firing I
I
|

0.+K @, < —1.1A

Figure 1.3.3 Phase-Plane Approximation for DF Analysis
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Figure 1.3.4 The Phase-Plane Non-Linearity can be approximated by a Dead-Band Non-Linearity for DF Analysis

When a sinusoid of amplitude (a) and a frequency () is applied to a memory-less type of non-linearity
such as the dead-band, the output will be a periodic function of the same frequency. If we decompose
the output signal, ignore the harmonics, and keep only the fundamental frequency which is at the same
frequency as the input signal, the Describing Function (DF) is defined to be the ratio of the
fundamental signal amplitude divided by the input signal amplitude. The DF of this non-linearity is a
function of amplitude (a) and not frequency. It represents the gain N(a) of the non-linearity at different
amplitudes. For a dead-band non-linearity with a dead zone (A) radians, the DF N(a) is given by
equation 1.3.5. Its maximum value is of importance because it represents the minimum point of the
1/N(a) locus which is important for stability analysis.

Equation 1.3.5 Describing Function of the Dead-Band Non-Linearity and its Maximum Value
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According to the DF theory a limit cycle will occur when G(ja)): —1/N(a), which means that in order
to avoid limit cycling the two loci should not intersect when we plot them together either on a Nichols
or a Nyquist diagram. The intersection points on the G(jm) locus will predict the frequencies of the
oscillations and on the 1/N(a) locus will predict the amplitudes of the limit-cycles, since there may be
more than one limit-cycle. The Simulink model “Open_Loop_RCS.mdI” in Figure 1.3.6, is used for
calculating the normalized frequency response G(jm) of the Space Station in order to apply the
Describing Function method. It approximates the open-loop linear dynamics of the attitude control
system G(s) excluding the non-linearity. The attitude and rate errors in the specified direction combine
together as in Fig. 1.3.4 to create a SISO system whose input and output would normally connect
across the dead-zone non-linearity closing the feedback loop. Since it is a SISO system we can only
analyze DF stability in one rotational direction at a time and the rotational axis is defined as a constant
unit vector input that affects two subsystems in Fig. 1.3.6. This implementation allows us to analyze
stability not only in roll, pitch and yaw, but also in other skewed directions since each rotational
direction corresponds to a unique set of jets that excite the structure differently. For DF analysis, the -
1/N(a) locus is drawn on the same Nichols chart where intersections between the two loci may indicate
possible limit-cycles.

Rotat Vector  Unit Vector

(1 00] —My U P Lidir
> U dir att F——patter  mag —b’—b. o
() ——»{Fres Namax 0
@—P mag wh ——— rater
mag .
Jet Select Space Station Atter + Rate
Logic Flex Model Mix

Figure 1.3.6 Simulink Model “Open_Loop_RCS.MdI” used for Calculating the G(jo)N(a)max Frequency Response
for Describing Function Analysis. The Rotational Axis Direction is defined as Input Vector

The linear system model G(s) includes flexibility and its excitation is constrained to a single rotational
axis, the direction of the input vector. It includes a linearized version of the jet select logic,
implemented in function “JSel_In.m”, which averages the positive and negative jets affecting the
specified direction. The logic selects the jets contributing positive accelerations in the selected
direction. It selects also the jets contributing in the opposite direction and applies negative thrusts in
the jets contributing in the reverse direction. Positive and negative thrusts are averaged in this linear
model to produce the same average acceleration as if only positive jets were firing. This creates a more
symmetrical system for linear analysis. The output of G(s) is also measured along the specified
direction. It is a vector combination of attitude error plus rate multiplied by gain Kr. This output vector
is resolved (dotted) in the specified direction using function Mix.m to produce a scalar output which is
the vehicle response in the specified direction. G(s) is therefore excited in the specified direction and
its response is only measured in the same direction, which may be roll, pitch, yaw, or any other skewed
directions. The G(s) plant is also scaled by multiplying it with the maximum value N(&)max Of the DF.
This is for convenience because in Matlab the (+) sign in Nichols and Nyquist plots now represent the
minimum point of the scaled -1/N(e) locus and makes it easier to measure the relative margin between
the two loci.
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After specifying the rotational axis you must run the file “freq.m” which uses the Matlab function
“linmod” to compute the system G(s), calculates the frequency response and plots it on a Nichol’s
chart. On the same Nichols chart we overlay the inverse DF locus -1/N(a), as shown in Figures 1.3.7
for roll, pitch, and yaw. The DF locus repeats itself every 360° and it appears as vertical red lines along
the -180° lines with their minimum points (+) approaching the G(s) locus. Filtering is necessary in
order to avoid intersections between G(s) and -1/N(a) loci and to prevent limit-cycles whose frequency
and amplitude are determined by the intersection points. Prior to filtering we discovered that there
were several intersections between the red and blue loci and we designed notch filters to prevent
intersections and limit-cycles. The bending filters are included in the rate gyro outputs in the Space
Station dynamics block in figure 1.3.6. Note that the system does not oscillate at all intersection
frequencies. Different types of disturbances excite different limit-cycle frequencies.

30

20

10

-10

=20

Cpen-Loop Gain (dB)

-30

40

-a0

-G0

Roll Axis Describing Function Analysis

Michols Chart
T | | | T | T T |
- 1IN(a) s
Locus
B There are No _
Flex Mode
Intersections
B with the Locus _
2.19
N R N YU (rfs)
5.99
6.46 (ris
i (ris) .
- G(jw)" N(a) 7
| 1 1 | | | 1 | 1 1 |
-a0a =310 =720 -630 -540 -450 -3E0 =270 180 -an u} ao

Open-Loop Phase (dedg)

35



Pitch Axis Describing Function Analysis
Michaols Chart

a0 T T T T T
1/N(a) There are No
Locus Flex Mode
Intersections
with the Locus
D g |
g
=
[
[
153
5
=
2
L]
=0 -
G{JW} N{a}max
100 1 1 1 1 | 1 1
-E30 -540 -4s50 -SE0 -270 -an -an o an
Cpen-Loop Phase (deg)
Yaw Axis Describing Function Analysis
Michols Chart
T T T T T
1/N(a)
20 - Locus |
There are Mo
Flex Mode
10k Intersections i
with the Locus 3.93
o
=
=
oI
L)
=
()
(=)
—
=
z
L)
GUW} N{a}ll]ﬂ){
_EB0 -
1 | 1

-1300

-1620

-1440

-1260

-1080

=300

=720

-540

-360

=180

Dpen-Loop Phase (deg)

Figure 1.3.7 Describing Function analysis shows no Intersections between the Loci indicating that there are No
Limit-Cycles. Most of the Flex Modes are Gain Stable except for one which is Phase Stable.
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1.3.2 RCS Closed-Loop Simulation

We will now demonstrate the stability of the RCS attitude control system using a simulation. Figure
1.3.1 shows the Simulink model “Lin_RCS_Sim.mdI” that is used for closed-loop simulations. It
includes the same phase-plane and spacecraft dynamics models as those used in frequency domain
analysis. The system is commanded to perform an arbitrary (-10°, 10°, 10°) 3-axes attitude maneuver
and its response is shown in Figure 1.3.8. There is a strong structural mode excitation by the RCS
firing. The flex oscillations, however, decay without any limit-cycling, as predicted by the DF analysis.

Space Station Linear Simulation, cmd=[-10, 10, 10]
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Figure 1.3.9 Closed-Loop System Response to an Attitude Maneuver Command, Shows no Limit-Cycling
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2. Non-Linear Rigid Body Modeling
and Control Design

In the previous section we developed a preliminary attitude control system for the Space Station using
CMGs and reaction control jets for a linear spacecraft model that is inertially fixed and it is derived
from a finite elements model. In this section we will focus and analyze the non-linear spacecraft
dynamics and we will improve our dynamic models and control design by taking into consideration
that the Space Station is rotating at constant orbital rate w, since its z-axis is pointing towards the
earth. Rigid-body models will be developed and control systems to stabilize the Station with respect to
the local vertical local horizontal frame, and the analysis will be performed in Matlab. The LVLH
frame rotates at orbital rate and the spacecraft ACS attempts to keep the spacecraft at constant attitude
relative to the LVLH. The LVLH x axis is in the velocity direction, the z axis is pointing towards the
center of the earth, and the y axis is perpendicular to the x-z plane pointing towards the right solar
array. The following equations describe the Space Station rigid body non-linear dynamics relative to
the LVLH frame.

loo=—(oxlo)+3o’(cxIc)+T ,+T,

I 1w e —sin@cosy
I={1l,, I,y I, | c=| cosgsingsiny +singcosé
I, 1y, 1, —singsindsiny + cos¢cosd
é . cosy —cosgsiny  singsiny 0
0 = 0 oS ¢ —sing o +| o,
, cosy :
V) 0 singcosy  Cos¢cosy 0

heme = —(a) X Newe )_Tc
Equation 2.1 Non-Linear Equations of Motion of a Spacecraft in the Rotating LVLH frame

Where: o is the spacecraft body rate, o, is the Space Station orbital rate (0.0011 rad/sec). The first two
non-liner terms on the RHS of the top moment equation are the gyroscopic and gravity gradient
torques. The torques T, and T4 represent the CMG control and external disturbance torques applied to
the spacecraft. The spacecraft attitude is initialized relative to the LVLH frame with an initial pitch rate
equal to -, (rad/sec). The attitude kinematics equation calculates the vehicle Euler angles (¢, 6, )
with respect to the LVLH frame from the body rates. The bottom part of Equation 2.1 calculates the
rate of change of the CMG momentum as a function of the torque T, applied to the spacecraft by the
CMG array.
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The internal CMG steering dynamics and the steering logic are not included in this simple model. A
more detailed CMG model would include the relationship between the CMG gimbal rates and the
output torques. It would also include the steering logic which translates the torque demands coming
from the ACS to gimbal rate commands that drive the gimbal servos. The steering logic calculation is
obtained by solving a pseudo-inverse of the gimbal dynamics and requires the exact geometry of the
CMG configuration, the gimbal angles, and the CMG momentum. The steering design is not simple
because of singularities or “gimbal locks” that may occur when the CMG array cannot provide torques
in some directions which are demanded by the ACS. There are singularity avoidance algorithms that
attempt to bypass gimbal lock situations and they are presented in other examples. They produce,
however, small disturbances on the spacecraft. The simplified models used in this analysis do not
include the CMG steering details but treat the CMG array as an integrated momentum control unit and
approximate the CMG servo system with second order transfer functions of 2 (rad/sec) bandwidth that
provide torque in roll, pitch, and yaw directions. The detailed wheel precession dynamics and the
steering logic can be included later in the dynamic models as separate CMG dynamics block.

The Matlab analysis files for Section 2 are located in folder: ““Large Space Station\ (b) Mat NonLin
RigBod™. The non-linear Equations 2.1 are coded as a Matlab function “Rigbod-Dynam-LVLH.m”
which is running as a subsystem block, shown in Figure 2.1, in the simulation models. The inputs to
the spacecraft subsystem are: CMG control torques (T), disturbance torques (Tg4), and the 12 RCS
forces. There are 15 outputs: the body rates (3), the vehicle attitude relative to the LVLH frame (3), the
CMG momentum in body axes (3), the total spacecraft and CMG system momentum (3), and the
vehicle rates in the LVLH frame (3). The gravity gradient dynamics are calculated internally as a
function of the Euler angles. This vehicle dynamics function also calculates the transformation matrix
CB2L used to transform the vehicle attitude and rate from body to LVLH frame. It calculates the
derivative of the 9-state-vector which is updated by an integrator loop around the function.

State Vector
Body Rate
LVLH Attitude
attitude:
atti-ih
MATLAB
Function xdot
Rigid Body o
Dynamics

CMG Momentum

Figure 2.1 Non-Linear Space Station Dynamics Containing Function: Rigbod-Dynam-LVLH.m

The aerodynamic disturbance torque T4 consists of steady torques and also cyclic components that
excite the spacecraft attitude to oscillations. The cyclic components are mainly caused by the rotation
of the solar arrays at orbital rate w, since they are always pointing towards the sun, completing one
rotation per orbit relative to the spacecraft. There are two frequency components associated with the
cyclic disturbance torques: one is at orbital rate w, due to the difference in atmospheric density
between the sunny and the dark sides of the earth, and the second component is at twice the orbital rate
2, caused by drag variation due to the solar arrays rotation. There is less drag when the arrays are
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horizontal and more drag when they are vertical. The aero 1+5sinw.t+0.5sin 2.t
disturbance is stronger in pitch direction because the moment-arm ° °
distance between the vehicle CG and the center of pressure is longer.
The roll, pitch, and yaw disturbance torque (T4) used in the 1+sin w,t +0.5sin 2t
simulations is:

T, =|8+3sinw,t+0.5sin 2m,t

The Space Station operates in four different control modes and we shall analyze some of these modes.
We have the CMG attitude control mode, the parallel RCS/CMG maneuvering mode, the CMG
momentum desaturation mode using RCS, and the CMG gravity gradient desaturation mode that uses
only CMGs and converges to the TEA. The CMGs are operating mainly in this Momentum
Management/ TEA converging mode that orients the spacecraft at the torque equilibrium attitude and
prevents the momentum from diverging. In this mode of operation the function of the CMG control
system is not to maneuver the Space Station attitude but to stabilize it at the TEA and to attenuate the
attitude oscillations which are caused by cyclic aerodynamic disturbances. The aerodynamic
disturbances cause the CMG momentum to cycle but the control system prevents it from reaching
saturation. The Momentum Management/ TEA mode is described in detail in Section 2.4.

2.1 CMG Attitude Control Mode

The closed-loop Attitude Control System using CMGs is implemented in the Simulink file
“Sim_NonLin_CMG.mdI”, shown in Figure 2.1.1. The CMG torque capability is not as strong as the
RCS, and any attitude change maneuvers in this mode are performed at slower rate than RCS. The
CMG advantage over RCS is that it controls the vehicle attitude steady without exciting jitter but not
for very long. The CMG momentum will eventually saturate due to the effect of external disturbances
and thrusters must be fired to desaturate the CMGs. In this mode the CMG/ ACS is a simple PD
controller with its bandwidth set to 20 times the orbital rate.

LVLH rates
Attitude Rigid-Body
Command Spacecraft Dynamics
Angle Rot-cmd Shaper CMG/ACS
LVLH (deg)
theemd"d2r —pcmd w-cmd il
Tcmg
Tgp——P{Tcmg -l
dir att-crnd —b@—b ater
Direction cmd
LVLH
— £ atti-v
Frcs
Aftitude-LVLH

Figure 2.1.1 CMG Attitude Control System *'Sim_NonLin_CMG.mdI"
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The attitude command shaper (cyan block) is used to produce smooth attitude and rate command
signals to the ACS by limiting the maneuver rate and acceleration. It is shown in detail in Figure
2.1.1b. The command shaper inputs are rotation command (thecmd) in (deg) and the rotational
direction unit vector (com_dir). The command shaper parameters and limits are defined in the
initialization file “start.m”. The attitude command output (att-cmd) is a 3-dimensional vector: roll,
pitch, yaw in (radians). The rate command output (w-cmd) is also a vector. The green vehicle
dynamics block includes the non-linear rigid-body Equations 2.1, shown in Figure 2.1, which is coded
in Matlab function “Rigbod-Dynam_LVLH.m”.

cmd Ksh
) S

! f >
s 3
Wdot_Lim Int v Product w-cmd
1
5
dir >
(2) e,
Product1 attit-cmd

Figure 2.1.1b Command Shaper Block produces Attitude and Rate Commands that Limit Rate and Acceleration

The closed-loop Simulink model “Sim_NonLin_CMG.mdI” in Figure 2.1.1 will be used to perform two
attitude maneuver simulations. It is initialized by running the m-file “start.m”. The vector (ini)
initializes the spacecraft state vector. The spacecraft LVLH attitude is initialized at zero and the pitch
rate is set to -w.

In the first simulation we are commanding the spacecraft to rotate 3 (deg) about an arbitrary vector (1,
-1, 1), and the system response is shown in Figure 2.1.2. The attitude and rate responses are good but
the CMG momentum eventually builds up to very high values. In the second simulation we are
commanding the Station attitude to the TEA.
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Figure 2.1.2a The CMG Attitude Control System performs 3° Maneuver in 0.2 hours. The body rate is
mostly negative pitch due to spacecraft rotation at orbital rate. It couples slightly in the roll and yaw
directions. The LVLH rate is zero at the completion of the maneuver.
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Space Station CMG Maneuver, 3 (deg), dir [1, -1, 1]
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Figure 2.1.2b The ACS maintains the commanded attitude, but the CMG momentum is increasing to near
saturation levels because a constant CMG torque is required to counteract the external torque which is
biased. The CMG saturation is not included in the Simulink model.
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The second simulation demonstrates that at the TEA the CMG momentum is not diverging because the
average external torques balance at zero. It is only cycling since it is counteracting the cyclic aero
disturbances. The Space Station is command to go to the TEA attitude, which is at (-0.5, 6.4, 3)
degrees. Figure 2.1.3b shows the cycling CMG momentum which is not diverging at this attitude. This
example serves as an introduction to the TEA converging CMG control mode that will be described in
Section 2.4.

Space Station CMG Maneuver to the TEA, [-0.5, 6.4, 3.0]
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Figure 2.1.3a The vehicle attitude is commanded to TEA (-0.5°, 6.4°, 3°). The body rate is mainly negative
pitch due to the orbital rate. It couples slightly in the negative roll direction (blue) because the Station has
a +3° yaw LVLH attitude. At the completion of the maneuver the spacecraft rate is zero relative to the
rotating LVLH frame.

44



Space Station CMG Maneuver to the TEA, [-0.5, 6.4, 3.0]
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Figure 2.1.3b The CMG Momentum is cycling but its magnitude is not diverging in because the Station
Attitude is at the TEA where the average aerodynamic torques are balanced with the average gravity
gradient torques.
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2.2 RCS Attitude Control and CMG Momentum Desaturation Using RCS

In this ACS mode the Space Station uses the RCS jets to perform attitude maneuvers, maintain a
constant attitude (other than TEA during critical operations, for example, such as docking with the
Space Shuttle), or to desaturate the accumulated CMG momentum. The CMG attitude control system
described in Section 2.1 can also be used to point the Space Station at a constant attitude but not for a
very long time. If the attitude is not at the TEA, the CMG momentum will begin to diverge and it will
eventually saturate at the maximum momentum capability of the cluster. When the momentum
saturates the control torque becomes zero and the Station loses attitude control. When the CMG
momentum approaches saturation, the RCS is turned on to control the attitude (either at steady state or
maneuvering). The CMGs are then commanded to torque in a direction that will reduce the momentum
to zero while the RCS being more powerful is capable to provide the torque to react against the CMG
disturbance, thus, controlling attitude and dumping momentum simultaneously. The RCS momentum
dump mode is implemented in a Simulink model “Sim_NonLin_RCS_Dump.mdl” in subdirectory
“Examples\ Large Space Station\ (b) Mat NonLin RigBod”. The block diagram is shown in the Figure
2.2.1. The initialization script “startl.m” is used to load the simulation parameters into Matlab. This
Simulink model is used to simulate two modes of operation, (a) attitude maneuvering and control using
only RCS, and (b) CMG momentum desaturation using RCS.
LVLH rates

CMG Momentum

Mom Dump
Hemg
L— e Hecmg Tgb—— W T
Temg
Angle Rot-cmd c RCS A;t'rtéjge .
LVLH (de omman aper
(deg) L wfrater
thecmd d2r — p{ema (|
att-cmd +_ P atter
com_dir P dir
. : Phase-Plane
Dlreit\l,‘?_anmd Jet Select Rigid-Body
Vehicle Dynamics

attitude-LVLH
Figure 2.2.1 RCS Attitude Control with Momentum Desaturation Model "'Sim_NonLin_RCS_Dump.mdI"

On the left side of the block diagram we have the command shaper (cyan block) that converts an
attitude change command to a shaped command by limiting the command rate and acceleration. It is
similar to the one used in the CMG/ ACS mode. The rate and acceleration limits the rotation angle
command (thecmd) in (deg) and the rotation unit vector (com_dir) are initialized by file “startl.m”.
The output command (att-cmd) from the attitude command shaper is a 3-dimensional roll, pitch, yaw
vector in (rad). The rate command output vector is not used here.
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The RCS attitude controller uses phase-plane and jet-selection logic which is in the orange block in
Fig. 2.2.1 and shown in more detail below. The inputs to the phase-plane logic are attitude errors, and
spacecraft rate relative to the LVLH. The logic calculates the eigenaxis rotation vector about which it
must rotate in order to reposition the spacecraft to the commanded attitude and it fires the appropriate
jets that will execute the rotation as close as possible. The phase plane and the jet-selection logic are
implemented in the Matlab functions “phase_plane.m” and “Jet_Select _dot.m” respectively. The
phase-plane parameters such as the dead-band and rate limits are loaded into Matlab by the
initialization file startl.m. The jet-select logic uses the dot-product algorithm to fire up to 3 jets at a
time, that is, from the 12 available jets that will contribute the biggest moment near the maneuvering
direction. The jet locations and thrust directions are also loaded in the simulation by the m-file
“startl.m”.

rater -1 rat

{1 ]
MATLAB fii)
Function
Phase Plane I;?::;t
RCS Forces
= >
[+ . )lFueIl
Tfueld fuel

The green rigid-body vehicle block is shown in detail below. At the center of the diagram it includes
the Matlab function “Rigbod_Dynam_LVLH.m” that contains the non-linear Space Station equations
described in Section 2.

« State Vector State Vector Bodv Rate
Ints wb LVLH Attitude
T
@C CMG control torque xdot /s =
Hsys atti-vih
MATLAB ,l?l
Aero-Disturb Function xdot h_sys
. hsys
Rigid Body System CMG Momentum
Dynamics Momentum :
@ RCS Forces v Hemg
LVLH Rate

Figure 2.2.2 Space Station Dynamics Block

The purple block in Figure 2.2.1 is the momentum dump block that performs the momentum
desaturation when the CMG momentum reaches a saturation level Hpax. This block is implemented in
the Matlab function “Mom_Dump.m”. The following plots show the results from two simulations using
the RCS Simulink model “Sim_NonLin_RCS_Dump.mdl”. After running the model the file “pl.m” is
used to generate the plots from the Simulink runs, as shown in Figures (2.2.3 and 2.2.4).
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e The first simulation shows the spacecraft response to a 20 (deg) rotational maneuver about an
arbitrary eigenaxis (1, -1, -1), using only RCS jets. The CMG torque is zero (not shown).

e The second simulation demonstrates a momentum dump. The CMG momentum is initialized at
a high level in file “start.m” (a level that exceeding Hmax) While the attitude is commanded at
zero. In other words the vehicle is commanded to remain at zero LVLH attitude while the jets
are firing to desaturate CMG momentum.

Space Station Parallel CMG/RCS Operation, 20 deg cmd about (1,-1,-1)
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Figure 2.2.3a Spacecraft Response to 20° Attitude Maneuver Command Using Only RCS. The Spacecraft
Attitude reaches the Commanded Attitude and maintains it Steady against the Aero Disturbances by
firing the RCS Jets
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Figure 2.2.3b RCS Jets are firing to Maneuver and then Maintain the Commanded Attitude
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The second simulation also uses the model “Sim_NonLin_RCS_Dump.MdI”” to demonstrate momentum
desaturation. The CMG momentum is initialized at (10, 20, -10)*10° (ft-Ib-sec), a level significantly
higher than Hpax to trigger the momentum dump operation. Maximum CMG torque is applied in a
direction that desaturates the CMGs in unison, in all directions. The torque ceases to apply when the
magnitude of the CMG momentum drops to a reasonably low level as specified in the momentum
dump function “Mom_Dump.m”.

Space Station RCS5 Momentum Dump Operation
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Figure 2.2.4a The CMG Torques are Commanded to Maximum in the Direction that Drives the CMG
Momentum to Zero
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Space 5tation RCS Momentum Dump Operation
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Figure 2.2.4(b) The RCS Maintains an almost Steady Attitude with Reasonably Small Errors during the
CMG Desaturation. Since the Station maintains a Constant LVLH Attitude the Average Pitch Rate is
equal to Negative Orbital Rate: -0.06 (rad/sec)
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Figure 2.2.4c RCS Jet Firing During CMG Momentum Dump
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2.3 Parallel CMG/ RCS Attitude Control Mode

When the Space Station performs large attitude maneuvers it initially uses the RCS jets which are more
powerful for fast maneuvering and when the attitude approaches the commanded LVLH position, it
switches to CMG control to maintain the commanded attitude for a while without firing jets. The CMG
momentum will eventually saturate and it must be dumped with RCS. The simulation model for this
attitude control mode is shown in Figure 2.3.1, and it uses both: CMG and RCS control. It is
implemented in file “Sim_NonLin_CMG_RCS.MdI” in folder “Examples\ Large Space Station\ (b) Mat
NonLin RigBod”.

LVLH rates
. Rigid-Body
Angle Rot-cmd CMG Attitude Vehicle Dynamics
Command Shaper CMGACS
LVLH (deg)
thecmd*d2r p crd w-cmd + P il
Tqg T P Tc wely
com_dir P dir att-crmd b@ P ater cna
Direction cmd

LVLH ‘
P cnd w-cmd >+ rater
i
: 0 Frcs
P dir att-cmd +_ P atter
RCS Attitude Phase-Plane
Command Shaper Jet Select

Aftitude-LVLH
Figure 2.3.1 Simulink Model "'Sim_NonLin_CMG_RCS.mdI"* for CMG/RCS Parallel Mode of Operation

This Simulink model uses the same RCS phase-plane logic and CMG control system as already
described. It includes two separate attitude command shapers with different rate and acceleration
limits: a very smooth one for shaping the CMG commands, and a faster one for the RCS commands. A
switching logic is included in the CMG/ ACS block that uses RCS only when the CMG torque
demands are large and it switches to CMG control when the vehicle attitude is near the commanded
position, and the torque demands become small. The green vehicle dynamics block uses the same
Matlab function “Rigbod_Dynam_LVLH.m” that includes the non-linear Space Station Equations 2.1.
It is initialized by the m-file “start2.m” and the file “Pl.m” generates the plots when the simulation is
complete.

The following simulation results in Figure 2.3.2 are obtained using this model. It illustrates the
transition from RCS to CMG control at the completion of a 20 degrees attitude maneuver. The RCS
jets are used initially to maneuver the Station near the commanded attitude in less than 6 minutes. The
pitch attitude responds faster because the Station has smaller moment of inertia in pitch. It takes a
while for the attitude error to become small enough for the CMG control to be turned on and to provide
a very precise attitude pointing.
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Space Station Parallel CMG/RCS Operation, 20 deg cmd about (1,-1,-1)
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Figure 2.3.2a The Attitude Converges to the Command and the Attitude Error is Significantly Reduced to
almost Zero when the ACS switches to CMGs Control
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Space Station Parallel CMG/RCS Operation, 20 deg cmd about (1,-1,-1)
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Figure 2.3.2b The CMGs are activated when the Attitude Error becomes small enough for a Smooth
Transition from RCS control. The CMG Momentum, however, eventually reaches Saturation

During RCS operation the CMG system is turned off. The CMG control system is turned on at t=0.55

(hr). It requires, however, a steady CMG torque to counteract the aerodynamic and gravity gradient
disturbances which leads to a secular CMG momentum build up.
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Figure 2.3.2c There is no RCS activity after t=0.55 hours because the CMGs Control the vehicle attitude
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2.4 Momentum Management Mode by Using Gravity Gradient

In Section 2.1 we demonstrated that at the torque equilibrium attitude the CMG momentum is cyclic,
not secular, because it does not diverge to saturation. We can, therefore, design a control mode where
the Space Station attitude converges by itself (without being commanded) to the TEA where the
average aerodynamic torque balances with the average gravity-gradient torque. This is accomplished
by including feedback from the CMG momentum to prevent it from diverging and by this process the
system attitude converges to the TEA. The momentum feedback plus additional momentum integral
feedback makes this mode of operation more complex than the previous PD controller. The LQR
control method will be used to design the state-feedback gain matrix that stabilizes this coupled
dynamic system. It optimizes a performance index that is defined by the state and control weight
matrices Qc and Rc that trade between control usage and performance. To synthesize the controller the
LQR method requires a linear dynamic model linearized in the operating LVLH attitude, and the
dynamic model in Equations 2.4.1 will be used for control synthesis.

I T Ix ¢ 0 21, Iy =y +15 ¢

Iy I Ly | 0=, -2l 0 21y 0

Ixz IYZ Izz v _IXX+IYY_IZZ _2|XY 0 v
_4(|zz_|w) 3|xv _Ixz ¢ _4IYZ

+w?| 4l 3(1,, =1y ) l,, 0 |+w? 3l,, |+T,+T,
i —41,, =3y, (Ixx_lw) 4 |y

I:‘x hz

h, =w, 0 ~T,

hz CMG _hX CMG

Equation 2.4.1 Dynamic equations linearized in the LVLH frame

The state feedback control law, therefore, stabilizes not only the attitude but also the CMG momentum
by keeping it oscillating around zero. It prevents it from diverging to saturation and as a result the
spacecraft attitude converges to the TEA where the average aerodynamic and gravity gradient torques
are balancing out. This is a continuous momentum desaturation which is very attractive because it does
not require RCS propellant. It adjusts the spacecraft attitude and uses gravity gradient to prevent the
CMG momentum from building up. It relies on sufficient knowledge of the vehicle mass properties for
the derivation of the control gains. The resulting CMG momentum is stable and it cycles around zero
as the CMGs respond to counteract the cyclic aerodynamic disturbances.

The linearized Equations 2.4.1 are derived from the non-linear equations 2.1. The body rates are
replaced with the LVLH rates and the model will be used for the Space Station LQR control design.
The equations include gravity gradient torque terms which are function of the spacecraft LVLH
attitude. The CMG momentum integral is also included in the design model to help bound the CMG
momentum. The states are: Space Station LVLH rates, attitudes, CMG momentum, and CMG
momentum integral.
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The design Equations 2.4.1 are included in the Matlab function “Linear2_LVLH.m” which is used as a
subsystem block in the Simulink models “Sim_Lin_TEA.MdI” and “Vehicle_Lin.MdI”. Their inputs are
CMG torques T, and external disturbances T4. There are 9 outputs which are equal to the states: 3
LVLH rates, 3 LVLH attitudes, and 3 components of the CMG momentum in the body axes. It also
includes the linearized gravity gradient dynamics. The Simulink model output is the rate of the state-
vector x which is updated by an integrator loop around the function as shown in Figure 2.4.2.

LQR Control Design

The Simulink model “Vehicle_Lin.MdI” in Figure 2.4.2 contains the augmented dynamic model that
will be used in the LQR control design by the Matlab script file “des.m”. It must first be initialized by
running the m-file “start3.m” which also generates the design state-space matrices (Ao, Bo, Co, Do) by
linearizing it using the Matlab function “linmod”. The spacecraft 9-state vector x is obtained by
integrating the output X that comes out of function “Linear2_LVLH.m”. In our initial design attempt
we used the original unaugmented model of Equations 2.4.1 for the LQR design. The cyclic
disturbance, however, occurring at orbital rate is substantial and it creates large pitch attitude
oscillations at orbital frequency .

Since we know that the oscillatory disturbance is occurring at a known frequency, a more efficient
approach of attenuating its effect on the pitch attitude is to introduce a resonance of the same
frequency in the design system. The resonance is implemented by two additional states (o, o) which
are excited by the pitch attitude oscillation 6 and tuned at orbital frequency w,. The augmented design
model now consists of 14 states and it includes the resonance states (a1, az) and 3 momentum integral
states which are necessary to avoid getting biased momentum. The LQR algorithm calculates the
(3x14) state-feedback matrix Kpg. When the design system states are properly penalized in the LQR
optimization the state-feedback gain stabilizes not only the attitude but it will attenuate the pitch
oscillations in 0, and keep the CMG momentum stable and oscillating around zero.

wo'2

Rigid Body Linear Space Station Dynamics 4 —
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» ) atti-lv
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Rigid Body Dynamics
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Hemg 052 — 051
—»(3) CMG Momentum

Figure 2.4.2 Augmented Design Model “Vehicle_Lin.MdI” that Includes Equations 2.4.1, the CMG
Momentum Integrals, and the Pitch Attitude Augmentation States (o1, o)

58



Kpar

CMG control torque Tc

LQOR State-Feedback

kL ‘ﬂ.
State Vector
X
wil LVLH Rates wl
Linear Spacecraft
Model
Interpreted | xdot 1 X LVLH Attitude Euler Angles LVLH
ATLAB Fc TS -
Linear2_LVLH
CMG Momentum Hemg
Aero-Disturb
. . . State
Disturbance Accomodation Filter a1 T Vector
Tuned at Orbital Rate ol s
thetat Int Int1
al
o Filter
" States
Disturbance a2 =
Filter
Disturb Filter

Figure 2.4.3 Linear State-Feedback Simulation Model “Sim_Lin_TEA.MdI” used for testing the LQR Gains

Figure 2.4.3 shows the linear simulation model “Sim_Lin_TEA.MdI” that uses the linearized Equations
2.4.1 in the Matlab function “Linear2_LVLH.m”. It is used during the design for testing the LQR gains
while adjusting the LQR optimization weighting matrices Q. and R.. The final control design,
however, is tested in a non-linear simulation that uses the dynamic Equations 2.1. In the simulation, the
two-state augmentation resonance becomes a disturbance accommodation filter and it is part of the
attitude control system. The augmented state vector is fed back via the state-feedback gain Kyq to

produce the CMG control torque T..
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Figure 2.4.4 shows the non-linear simulation model which is in Simulink file: “Sim-NonLin-TEA.MdI”.
It is similar to the linear simulation but it uses the non-linear Space Station equations which are coded
in the Matlab function “Righod_Dynam_LVLH.m”. The model does not include any attitude commands
but the inputs are aero disturbances. It is initialized by the m-file “start3.m” and “PI3.m” plots the
simulation results.
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Figure 2.4.4 Non-Linear State-Feedback Simulation Model “Sim_NonLin_TEA.MdI”

The simulation results in Figure 2.4.5 of the TEA converging mode show the Space Station response to
the aero disturbances. The simulation demonstrates the capability of the control system to control the
CMG momentum in the presence of aerodynamic disturbances and gravity gradient torques. The
attitude is initialized at zero in the LVLH frame and the initial pitch body rate is equal to negative
orbital rate which is (0, -®,, 0)’. The Space Station LVLH attitude converges at the TEA where the
external torques balance in all directions and at steady state the CMG momentum oscillates about zero
without bias. The attitude oscillates slightly about the TEA. The pitch attitude oscillation at orbital rate
has been attenuated by the disturbance filter and the only remaining oscillation in pitch is due to the
aero disturbance at (2w,). We could have included a second disturbance filter tuned at (2m,) to
eliminate the small pitch oscillation or a yaw oscillation filter, but we leave this as an exercise for the
reader.
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Space Station Simulation TEA-Converge Mode, Response to Aero Disturb
Uses Momentum Feedhack from CMGs to Converge to the TEA
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Figure 2.4.5 TEA Seek Mode keeps the CMG Momentum Bounded and the Attitude Converges to the TEA

The roll and yaw attitude oscillates mostly at orbital frequency w,. At steady-state the pitch attitude
converges to 6.3° and the yaw attitude converges to 3° relative to the LVLH. The roll attitude is small
at -0.5°. At steady-state the body rate is mainly in pitch at negative orbital rate -0.063 (rad/sec). There
is a small component of rate coupling in the negative roll direction (blue), because the yaw attitude is
slightly positive 3°.
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3. Non-Linear Flexible Space Station
Modeling and Simulations

In this section we will include flexibility to the models developed in Section 2. We will combine the
previously created non-linear rigid body model with the elastic model obtained in Section 1 to create a
non-linear model with structural flexibility and will repeat the analysis and simulations using the
upgraded models. The simulation models and files are in directory: "Examples\Large Space Station\(c)
Mat NonLin Flex". Figure 3.1 shows the spacecraft dynamics block which is included in the Simulink
files. It consists of two subsystems connected in parallel: (a) the non-linear rigid-body dynamics of
Equations 2.1, implemented in function “Rigbod_Dynam_LVLH”, shown in Figure 2.1, and (b) the
flexibility model that includes the flex spacecraft state-space system “Large Flex Space Structure, 32
Modes, Flex Only” that was created by the Flex Spacecraft Modeling program in Section 1 and was
exported to Matlab function “flex32_only.m”. The flex model obviously does not include the first six
rigid-body FEM modes since the rigid dynamics is captured by the non-linear block. We will analyze
the system stability as before: (a) under CMG control, and (b) under RCS control using the Describing
Function method. We will also analyze stability of the TEA-Converging/ Momentum Management
mode.
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Figure 3.1 Space Station Dynamics: Includes Non-Linear and Flexibility Blocks Connected in Parallel
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Figure 3.1b Flexible Spacecraft Dynamics Subsystem Includes 32 Flex Modes (No Rigid-Body Modes)

The CMG dynamics are included in Figure 3.1 as 2" order transfer functions of bandwidth: 2
(rad/sec). Both rigid and flex subsystems receive the same CMG torques and RCS jet forces and their
outputs are combined to capture both: the non-linear rigid-body motion and the dynamic response of
the flexible structure at the sensors. The combined spacecraft outputs include: LVLH attitude
measurements, LVLH rates, CMG momentum, and body rates.

We will now describe the simulation models that demonstrate the different modes of operation. They
are similar to the models described in Section 2, but they include structural flexibility. System stability
will be analyzed using frequency response methods. The m-file “start.m” is used to initialize
parameters before running the simulations. The ACS control system gains are the same as those
derived in Section 2. The flex filters designed in section 1.2 are also included in this analysis with
some minor adjustments to improve flexibility attenuation.

64



3.1 CMG Attitude Control Mode with Flexibility

The CMG/ ACS analysis models that were developed in Section 2.1 will now be modified to include
structural flexibility. The simulation model is in file “Sim_NonLin_CMG.mdI” and it is shown in
Figure 3.1.1. It is similar to Figure 2.1.1 except for the spacecraft dynamics block that now it includes
flexibility, as in Fig. 3.1. The spacecraft is initialized in the LVLH frame with negative orbital pitch
rate. The command shaper provides smooth commands to the attitude control system by limiting the
rate and the acceleration. The simulation model below is used to perform a 3° attitude change
maneuver using the CMGs. The command is a simultaneously 3-axis rotation (thecmd=3°) from zero
LVLH attitude in an arbitrary direction: com_dir= (1, 1, -1). When the simulation is complete the
Matlab script file “pl2.m” is used to plot the results which are shown below.

LVLH rates
Non-Linear Model
) with Flexibility
Attitude
Angle Rot-cmd Command Shaper CMGACS
LVLH (deg)
~ wiv
thecmd*d2r ——p cmd w-cmd + i
Temg
Tg —P Temg
com_dir ——p{dir att-cmd D@ P ater
atti
Direction cmd

LVLH

Attitude-LVLH
Figure 3.1.1 CMG Attitude Maneuver Simulation Model "'Sim_NonLin_CMG.mdI"*

Figure 3.1.2a shows the LVLH attitude response in roll, pitch, and yaw that converges to the
commanded attitude. When the maneuver is complete the LVLH rate decays to zero. The body rate,
however, remains at orbital rate since the Station z-axis is pointing Nadir. Initially the body rate is only
in the pitch direction. At the end of the small maneuver the body rate remains mainly in pitch, but it
has a small component coupling in the other two directions because the vehicle is now slightly rotated
from zero LVLH attitude.

Figure 3.1.2b shows the CMG torque and momentum. The simulation includes a function “Torg_Lim”
that limits the torque and prevents it from exceeding its maximum value. It is not zero at steady state
because of the external disturbance torque which causes the CMG momentum to diverge with time as
it is trying to provide steady control torque to counteract the disturbance.
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Space Station CMG Maneuver with Flex, 3 (deg), dir [1, 1,-1]
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Figure 3.1.2a Space Station Attitude and Rates during a Small 3° Maneuver
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Space Station CMG Maneuver with Flex, 3 (deg), dir [1, 1,-1]
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Figure 3.1.2b CMG Torque and Momentum during the Small 3° Maneuver
Stability Analysis of the CMG Attitude Control System

Stability of the CMG/ ACS mode is calculated using the model “Open_Loop_ CMG.mdI” in folder
“\Large Space Station\(c) Mat NonLin Flex” and shown in Figure 3.1.3. It is similar to Fig. 3.1.1 but
has the control loop broken at the CMG torque. The frequency response for each axis is calculated
separately by opening one loop at a time and closing the other two. In the configuration shown, the
Simulink model is set up for analyzing pitch stability. The model must be modified to check the other
axes. The Matlab file “freq.m” calculates the frequency responses by running it separately for each
axis. It linearizes the system using the Matlab function (linmod), calculates the SISO state-space
system and plots the Nyquist diagrams. The Nichols plots for all three axes are shown in figure 3.1.4.
The results demonstrate that all axes are stable and are very similar to those obtained in Section 1 using
the Nastran model with the rigid-body modes.
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[Ao,Bo,Co,Do]=linmod("Open_Loop_ CMG"); % Load the CMG/ACS model for freq analysis
sys=ss(Ao,Bo,Co,Do); % frequency response analysis
w=logspace(-3.2,2,32000);

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

figure(3); nichols(sys,w)

Pitch axis is Opened
Yaw and Roll Loops are Closed

G — (D
CMG/ACS .4 ;
ot in
— P wily
Temg
Tqg Tcmg
gter atti

Mon-Linear Model
with Flexibility
Attitude-LVLH

LVLH rates
Figure 3.1.3 Simulink model “Open-Loop-CMG.mdI”” used for stability analysis of the CMG Mode
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Roll axis CMG Control Stability Margins after Linearizing the Non-Linear Dynamic Model
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Figure 3.1.4 Pitch, Roll and Yaw Nichols Plots Showing Phase and Gain Margins of the CMG ACS with Flexibility
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3.2 RCS Attitude Control Analysis with Flexibility

The RCS models that were developed in Section 2 are now modified to include structural flexibility.
The Simulink model used for RCS attitude control and momentum desaturation simulations is in file
“Sim_NonLin_RCS_Dump.MdI” and shown in figure 3.2.1. It is similar to the one used in Section 2.2,
except that the spacecraft model includes flexibility and bending filters were introduced to prevent
limit-cycling.

This Simulink model is used to perform attitude maneuvers using only the RCS jets. It can also
perform momentum desaturation either at steady attitude or while the Station is maneuvering. In the
simulation that follows we are commanding the Station to rotate 20° in a direction: (1, 1, -1) and at the
same time we are desaturating the CMG momentum from (1, 2, -1)x10* (ft-Ib-sec) by applying torque
at the CMG cluster in the direction that reduces the CMG momentum. The reaction control system
being more powerful counteracts the CMG torque while it simultaneously performs the attitude
maneuver.

LVLH rates

CMG Momentum

Mom Dump
Temg Hemg
Hemg Tq——®{ Temg
Angle Rot-cmd c RCS A;t'rtsu:e o
omman aper
LVLH (deg) L plrater
thecmd*d2r ——p{cmd il plFres
att-cmd + P atter atti
com_dir ——{dir
. : Phase-Plane
Direction cmd Jet Select Non-Linear Model

LVLH with Flexibility

Attitude-LVLH
Figure 3.2.1 Simulink Model “Sim_NonLin_RCS_Dump.MdI” used for RCS ACS and Momentum Dump Simulations

The model is initialized by running the m-file "start2.m™ and the file “PIl.m” is used to plot the results
which are shown in Figure 3.2.2. The spacecraft is initialized in the LVLH frame with a body rate
equal to (0, -m,, 0). The spacecraft response is limited in rate and acceleration by the command shaper.
The jet firings excite the structure but the flex oscillations do not diverge because flexibility filters are
included at the rate-gyro outputs. Figure 3.2.2b shows the CMG torque applied during the momentum
dump and the momentum which is reduced in all 3 axes simultaneously. Figure 3.2.2c shows the jets
firing in the x and y directions.
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Flex Station Attitude Maneuver/ Momentum Dump CMG/RCS Operation, 20 deg cmd dir:(1, 1,-1)
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Figure 3.2.2a Flex Space Station Attitude and Rate Response to a 20° Attitude Command using RCS
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Flex Station Attitude Maneuver/ Momentum Dump CMG/RCS Operation, 20 deg ecmd dir:(1, 1,-1)
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Jets Firing in the X direction
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Stability Analysis of the RCS Attitude Control System Using Describing Function

We will repeat the Describing Function method in order to analyze the stability of the control system
to flex mode excitation and design filters that will attenuate the flex modes and prevent them from
limit-cycling. Figure 3.2.3 is a block diagram showing the non-linear system. The linear and the non-
linear parts are separated in two SISO subsystems as described in Section 1.3. The continuous system
is at the top and the dead-band non-linearity is at the bottom. The continuous system is constrained to
rotate about one axis which is defined as input, and stability is analyzed one axis at a time: roll, pitch,
yaw, plus other skewed directions can be analyzed separately. The phase-plane logic was simplified to
a SISO non-linear dead-zone block that has a known DF representation N(e), where the input (e) is the
output of the continuous system G(s) consisting of a linear combination of rate plus attitude error in a
fixed direction specified. The linear system G(s) is implemented in a Simulink file: “Open_Loop-
RCS.mdI” which is in folder “Large Space Station\(c) Mat NonLin Flex”. This approach allows us to
use the same model to analyze stability in all 3 axes, plus an infinite number of skewed directions, by
specifying the rotational axis. The direction to be analyzed is specified by an input vector. The input to
the non-linearity is a combination of attitude and rate error in a specific direction and the output of the
non-linearity drives the jet-select logic that will rotate the vehicle in the specified direction and excite
some of the modes. The dead-band non-linearity is theoretically connected across the two open ends of
G(s). In the analysis, however, the non-linearity is not physically connected across G(s) but we
calculate the frequency response G(jw) across the two open ends and plot it in Nichols or Nyquist
diagram. On the same diagram we also plot the inverse of the DF, that is: —1/N(e) .

Linear System G(s)

rotat vector Unit Vector 9 K
[0 1 0] —DIV UI P Udir €= € + f'q
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Figure 3.2.3 Simulink Model ""Open_Loop_RCS.mdI"* used for RCS Describing Function Analysis
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Limit cycles occur when the DF locus which is a function of the error amplitude (e) intersects the
frequency response locus G(jw) on a Nyquist or Nichols chart. The intersection point(s) on the G(jo)
locus will predict the frequency of oscillation(s) and on the N(e) locus will approximately predict the
limit-cycle amplitude. The linear system G(s) in addition to flex spacecraft dynamics it contains also
other component blocks needed for applying the Describing Function method. Since the Describing
Function is a SISO method we can only analyze one axis at a time and the direction is specified by a
rotational unit vector input in the block diagram. The orange block combines the rate and attitude to
approximate the attitude error and rate combination in the phase-plane as it was described in Section
1.3. The (3x1) error signal is resolved (dotted) in the specified rotational direction and normalized by
multiplying it with the maximum value of the DF, N(€)max- The G(jo) locus is scaled by multiplying it
with N(e)max. This makes it more convenient when using Matlab. The (+) sign in Nichols and Nyquist
plots now represent the minimum point of the -1/N(e) locus. The model uses a linearized jet select
logic function “JSel_In.m” that includes both groups of jets: the ones contributing in the positive axis
rotation, and also the jets that contribute in the reverse direction. It applies positive half thrust to the
jets in the positive direction and negative half thrust to the jets that rotate the vehicle in the opposite
direction. This makes the system more symmetrical than using only the thrusters that contribute in the
positive rotation about the specified axis.

The initial analysis showed that a lot of flex modes were getting excited to instability by the RCS
control system and bending filters were included in the rate feedback to attenuate the potentially
unstable resonances in the G(jm) response. The block diagram in Figure 3.2.3b shows the bending
filters that attenuate flexibility from the roll, pitch, and yaw rate gyro measurements and it is included
in the spacecraft dynamics block. The Matlab file “freq.m” is used to calculate the frequency response
across the open ends of the Simulink file: “Open_Loop RCS.mdIl” and calculates the frequency
response locus G(jo) on a Nichols plot.
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The Nichols plots in Figures 3.2.4 show the DF analysis results in roll, pitch, and yaw and there are no
intersections in those directions that would imply limit-cycles. Some of the resonances spike above the
zero (dB) line but they are phase stable. Other skewed directions must also be analyzed for limit-cycle
stability by specifying different rotational direction in Figure 3.2.3. This is may be necessary because
there is a unique set of jets selected for each direction that excite different modes in all directions, plus
the observability of the flex modes differs with direction and some skewed directions may potentially
be unstable.
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Figure 3.2.4a Nichols plot in Roll direction (1, 0, 0), Showing No Intersections between the two Loci and
hence there is No Limit-Cycling
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Pitch Axis RCS Describing Function Analysis
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3.3 Combined CMG and RCS Attitude Control with Flexibility

This mode was described in the rigid-body Section 2.3 and it is repeated here using the flexible
spacecraft model. It uses both, the CMG and the RCS attitude controllers operating together. The
Simulink model for this mode of operation is shown in Figure 3.3.1, and it is located in file
“Sim_NonLin_CMG_RCS.MdI”, in directory: “Large Space Station\ (c) Mat NonLin Flex”.

LVLH rates
Non-Linear Model
CMG Attitude i
Angle Rot-cmd with 32 Flex Modes
Command Shaper CMG/ ACS
LVLH (deg) P
thecmd*d2r P cmd w-cmd + i
Temg
Tq P Tcmyg WV
| com_dir P dir att-cmd @ P ater
Direction cmd
LVLH
» cmd w-cmd »{(+ rater
Frcs
f(i) ——®| Fres atti-lv
P dir att-cmd P+ atter
RCS Attitude Phase-Plane
Command Shaper Jet Select

Attitude-LVLH
Figure 3.3.1 Combined CMG and RCS Mode of Operation

The CMG attitude control system is shown in Figure 3.3.2. The PD gains are designed for a bandwidth
20 times the orbital rate, that is: 0.022 (radians/sec). They are calculated and loaded into Matlab by file
“start3.m” which also initializes the simulation. A switching logic disables the CMG control when the
torque demand is large to prevent the CMG torque from limiting. It is similar to the rigid-body version
but slightly modified. The logic activates the CMGs when the magnitude of the combined rate and
attitude errors become sufficiently small. Figure 3.3.3 shows the system response to a 20° attitude
command. The file “Pl.m” is used to plot the simulation results.

: S ft M t [meer 0.2 ord
pacecra omen .
- » ’ of Inertia Matrix P fu) ’ CMG
ater s+0.2 Torque
J Torque Limit \
Interpreted >
PD gains Ky IATLAB Fe P Temg
Switch
When the torque demand is big it uses RCS,
Otherwise when the demand drops, it switches
to CMG Control to avoid Saturating the CMGs
wl

2.zet.omg
Figure 3.3.2 CMG/ PD Attitude Control System with Switching Logic
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Flex Space Station Parallel CMG/RCS Operation, 20 deg cmd about (1, 1,-1)
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Figure 3.3.3a CMG/ RCS Combined System Attitude Response to a 20° Step Command

The pitch response to the attitude step command is faster because it receives an initial boost by the
CMG system before the CMG is turned off at 0.25 (min). The RCS completes the maneuver at t=28
(min) where the CMG is turned back on. The RCS system excites structural vibrations but they decay
without sustaining limit-cycles, as it was predicted by the DF analysis. At steady state the CMG
control system maintains a smooth attitude with very small attitude errors and it does not excite the
structure. The momentum however, is growing due to the steady aero disturbances.
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Flex Space Station Parallel CMG/RCS Operation, 20 deg cmd about (1, 1,-1)
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Figure 3.3.3b CMG/ RCS Combined System CMG Torque/ Momentum Response 20° Attitude Command

The CMG torque is turned off during RCS control. A steady CMG torque is necessary to maintain the
required attitude because of the external disturbances. This causes building up of the CMG momentum
which would eventually saturate (not shown) due to hardware limitations. This leads to the necessity of
a continuous momentum management mode of operation that will stabilize the Station attitude without
saturating the CMGs which will be described in the next section.
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Figure 3.3.3c RCS Activity in Response to the 20° Attitude Command
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3.4 TEA Converge/ Momentum Management Mode with Flexibility

The analysis in Section 2.4 will be repeated here with structure flexibility. The Space Station model
consists of the non-linear dynamics with the state-space flex model, as in Figure 3.1, and the control
loop is closed via the state-feedback gain Kyqr Which was designed using the LQR method in Section
2.4. The upgraded simulation model is “Sim_NonLin_TEA.MdI” in directory: “Large Space Station\ (c)
Mat NonLin Flex”, shown in figure 3.4.1. The simulation parameters are loaded into Matlab by
running the file “start.m”, and when the simulation is complete the Matlab file “pl3.m” is used to plot
the simulation results. The vehicle is initialized in the LVLH frame and it slowly drifts towards the
torque equilibrium attitude as it stabilizes the CMG momentum. The results are shown in Figure 3.4.2
and they are similar to rigid-body results in Figure 2.4.5 because flexibility is not excited by the CMG
and aero torques.

LVLH Rates
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Euler Angles LVLH
— Tomg attit-lv
CMG Momentum
Hcmg
Int3

Space Station
Mon-Linear Model e L

with 32 Flex Modes

CMG Control
Torque ——mthe
Disturbance
Filter

State-Feedback

Gain Kpgr g LQR State-Feedback
U

Figure 3.4.1 TEA Converging Mode uses State-Feedback to Control the CMG Momentum

There is no attitude command in the system when the Station is operating in this mode. The vehicle
attitude simply drifts under the influence of the aerodynamic torques which are included in the Space
Station dynamics (green) block, and the gravity gradient torques which are also included in the
equations of motion 2.1. The state-feedback stabilizes not only the attitude but also the CMG
momentum and the attitude slowly drifts to the TEA as the CMG momentum cycles around zero. The
CMG control also attempts to reduce the attitude oscillations under the influence of cyclic disturbances
occurring at (m,) and at (2m,). The purpose of the disturbance accommodation filter is to further
attenuate the pitch oscillations at orbital rate as already described in Section 2.4.
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Space Station Simulation TEA-Converge Mode, Response to Aero Disturb
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Figure 3.4.2a Attitude Response in TEA-Seek mode under the influence of external torques
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3.4.1 Flex Stability of the TEA Converging Mode under CMG Control

The TEA-Seeking mode has a much slower bandwidth than the regular CMG attitude control mode.
Control stability is analyzed using the open-loop analysis Simulink model “Open-Loop-TEA.MdI”
shown in Figure 3.4.3 with the loop broken at the CMG torque. It includes flexibility and it is an
upgraded version of the previous rigid-body simulation model. The frequency response for each axis is

calculated  separately by
opening one loop at a time
with the other two loops
closed and must be modified
for analyzing other axes. In
Figure 3.4.3 it is configured
for yaw axis analysis. The
Matlab file “freq.m”
linearizes the system using the
Matlab function “Linmod”
and calculates the SISO
system frequency responses
by running it separately for
each axis. Figure 3.4.4 shows
the Nichols plots for all three
axes. The stability margins
are plentiful because the
control bandwidth is very
low.
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Figure 3.4.3 Open-Loop model for analyzing stability of TEA-Seek mode
Pitch Axis Stability in TEA Seek Mode by linearizing the Non-Linear model with Flex
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Yaw axis stability in TEA Seek Mode by linearizing the non-linear model with flexibility
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Figure 3.4.4 Stability Analysis of the TEA Converging Mode shown in both Nichols and Nyquist Plots
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3.4.2 Sensitivity Response to Aerodynamic Disturbances

It is also necessary to calculate the sensitivity response of the spacecraft attitude to external
disturbance torques. This is done by using singular values frequency response of the TEA-seeking
system in Figure 3.4.5, which is implemented in the Simulink model “Sensitivity TEA.mdI”. This is
similar to the simulation model in figure 3.4.1 but it was modified for frequency domain analysis by
including an aerodynamic disturbance input and an attitude sensitivity output. The aero disturbance
function generator was replaced by a (3x1) torque input, and the output is a (3x1) attitude variation.

External
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CMG Control Sta_tE-FeedhacK
Torque Gain Kpqr L@R State-Feedback
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Figure 3.4.5 Disturbance Sensitivity Analysis Model for the TEA-Seek Mode

Flexibility is not excited by the aero disturbance input because aero disturbances occur at very low
frequencies and we are analyzing rigid body sensitivity. The m-file “frq.m” is used to linearize the
above model and to calculate its singular values frequency response which is shown in Figure 3.4.6.
The notch at orbital rate frequency is the result of the disturbance accommodation filter that was
designed by the LQR method. It attenuates the effect of the aero disturbances in the pitch attitude. It
appears only in the pitch direction because we did not include filters in roll and yaw since the aero
disturbance is stronger in pitch.
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4. Modeling the Space Station Using the
Flight Vehicle Modeling Program

In the previous sections the Space Station models were created using the flexible spacecraft modeling
program that creates state-space systems from finite element models (FEM). The state-space models
derived from this program often include the rigid-body modes obtained from the FEM together with
the flex modes. The rigid-body modes are usually the first 6 modes in the FEM. We also created
models consisting only of flex modes that were combined with separate non-linear rigid-body
equations implemented in Matlab functions in a Simulink block and connected in parallel with the flex
model.

In this section we will perform the Space Station analysis using the flight vehicle modeling program to
implement the linearized spacecraft dynamics in orbit around the earth and maintaining a constant
LVLH attitude. This program includes the spacecraft rigid-body and CMG dynamics combined with
flexibility. The derived model, shown in equations (4a to 4c), assumes that the CMGs are a collocated
cluster and not separate units that provides control torque in all 3 axes. The internal CMGs steering
dynamics and steering logic are not included in the equations of motion, but the CMG cluster generates
control torques in the body axes and the CMG momentum is also calculated in the spacecraft body
axes. For small attitude deviations from the LVLH attitude the linearized equations of motion are:

Lo v Dz | @ Iy, 21y, M =y |
Ly I Nz || oy [=0] -1 0 Ly ay
Ixz IYZ Izz Cbz IYY o Ixx _2|XY — Ixz W,
Izz o IYY IXY 0 ¢ _2|YZ ... (4a)
+3w)| gy l,—ly 0|60 |+a?| 3, [+T.+T,
— Iy -1y, 0 \w —lyy

The torques on the right hand side of Equation 4a consist of gyroscopic terms, gravity gradient torques
which are a function of the LVLH attitude, the CMG control torques (T¢), disturbance torques (Tp),
and some constant bias torques which are in fixed direction and are function of the vehicle products of
inertia. In Equation 4a it is assumed that the pitch rate wy is initialized at negative orbital rate -c.
Otherwise, if we change its definition and initialize the pitch rate at zero, the bias torque must be

changed to: w?[-41,, 3l,, I, [ .Equation 4b shows the LVLH attitude kinematics

¢ a)ol// + C‘)x

0|=| o,+ao,

. ... (4b)
4 | wo¢+a)2_
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The rate of change in CMG momentum is calculated in body axes by integrating the following
equation

h :—(90 Xbc)_(QXHO)_TC

—C —

Where: Q is the spacecraft steady-state rate, and Hy is the nominal CMG momentum. Assuming that
the steady-state rate is in pitch and equal to the negative orbital rate (-mp), the variation in CMG
momentum equations become:

hx =w,h, +w, Hyy —o, Hyy —Tey

hy =-w,H,,+o, H,o —Tg, ”

hz =-why + o, Hyg—o, Hyy =T,

The flight vehicle input data for the Space station model is in file “SpaceStation.Inp” and its title is
“Space Station with RCS and a Double-Gimbal CMG Array”. In the flags line which is below the
comments, we must specify “body axes” for the rates, and “LVLH Attitude” for local vertical, local
horizontal attitude. The vehicle is initialized with a constant negative pitch rate -0.063 (deg/sec) which
is equal to minus the orbital rate (0.0011 rad/sec) since it maintains a constant LVLH attitude. The
aerodynamic coefficients are all set to zero. The aerodynamic disturbances due to the solar array
rotations are treated as external torques applied in the X, y, and z directions, similar to our previous
analysis. The Space Station has 12 RCS jets which are represented in this model by 8 throttling jets of
20 (Ib) thrust each. The reduced number is because the 4 jets in the +x direction and the 4 jets in the —x
direction are represented with only 4 throttling jets capable of firing in both: +x and -x directions. The
control torque effector represents a cluster of collocated double-gimbal CMGs. The CMG dynamics
and steering logic are not included in this model but it is assumed that the cluster can provide the same
amount of torque in all three axes. The CMG momentum is calculated by equation 4c and its initial
value is set to zero (no momentum bias).

For attitude control the Space Station uses three rate gyros measuring body rates and three (roll, pitch,
and yaw) LVLH attitude measurements, Eq. 4b. The model also uses four accelerometers, two on the
left boom and two on the right boom that will be used for analyzing sensitivity to disturbances. The
input file “SpaceStation.Inp” also includes selected sets of modal data already prepared for the Space
Station. The modal data set consists of 34 modes selected from all directions and its title is “Space
Station with RCS and a Double-Gimbal CMG Array, 34 Modes”. The set consist of mode shapes at the
8 RCS jets, the location of the CMG cluster, the locations of the 3 external disturbances, the gyros,
accelerometers, and at the disturbance point where we shall apply the bias torque. External
disturbances are also applied at the crew habitat module for analyzing sensitivity to structural
excitations between the habitat module and the boom accelerometers. In the following section we shall
describe the modes selection process.
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4.1 Generating a Set of Selected Modes

The data files for this analysis are in directory “Examples\Large Space Station” and the Matlab
analysis is performed in the subdirectory “(d) Mat Flex Lin (FVP)”. The file that contains the original
finite element structural modes is “FlexSpaceStruct.Mod”. It includes mode shapes and slopes for 55
modes, at 28 locations (also known as nodes). The modal data file contains frames of data for every
mode frequency. Each frame consists of the mode frequency in (rad/sec), the modal damping
coefficient (they are all set to £=0.005), the generalized mass (all set to 1). It also includes the mode
shapes and slopes at the 28 vehicle locations, that is, generalized translations along X, y, z, and
generalized rotations about X, y, z. This file is formatted to be recognizable by the mode selection
program which will create a much smaller set of modal data and will save it in the input data file
“SpaceStation.Inp”. The vehicle data and the modal data set will be processed together by the vehicle
modeling program to generate the flexible spacecraft state-space system. The locations which are
important for flight control analysis are the 8 RCS jets, the CMG location, the locations of the external
torques, and sensors. The map file “FlexSpaceStruct.Nod” is a table that lists the locations (nodes) of
the modal data file. It contains a short description for each node, the node numbers (in this case 1 to
28), a node identification number (which is a number created by the FEM), and the location of each
node in vehicle coordinates (this is only for

reference and it is not used by the program). Select a Project Directory *

To run the mode selection program you must first | | C:\Fixan\Examples\arge Space Station
start the Flixan program and select the folder
“Examples\ Large Space Station”. It is selected from

F-15 Aircraft ’*
Fighter Aircraft

“Program Functions”, “Flight Vehicle/ Spacecraft Flex Agile Spacecraft with SGCM
Modeling Tools”, and then “Flex Mode Selection”. Interceptor SC
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extension is (Msl).
" Flixan, Flight Vehicle Modeling & Control System Analysis
Utilities  File Management = Program Functions = View Cuad  Help Files
Flight Vehicle/Spacecraft Modeling Tools ¥ Flight Wehicle, State-Space
Frequency Control Analysis » Actuator State-Space Models
Robust Control Synthesis Tools ¥ Flex Spacecraft (Modal Data)
Creating and Maodifying Linear Systems > Create Mixing Logic/ TVC
‘1 ¥ L Trirn, Static Perform Analysis
‘: Flex Mode Selecti
- ex Mode Selection
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Select File Marnes “w Select Range of Modes, Mumber of Vehicle Locations >
W odal Data File 'ou must define zome pointz on the flex model where excitation forces
and torques are applied to the structure, and the direction asiz. v'ou must
FlexSpaceStuct Mod o alzo defing points where maotion [rotational or translational] i senszed and

alzo the zenszing direction.
Mode Description File Compare Strength Between  Mode: 1 and Mode 55
FlexSpaceStuict. Mod e

] Hurmber af Excitation Paints,  Forces: 2 Torgues 3
Input D ata File

SpaceStation. np e

Mumber of Sensor Points, Translations: 1 Rotations 3
kMode Comparizon Output tode Selection Process
bodsel ksl e Akarnatic or b anual Autornatic
uzing the Bar Chart |Graphice |
Murber of Modes to be ok
12
Cancel K Selected -
Select a Set of Data from Input File
Select a Set of Input Data for "FLIGHT VEHICLE" from an Input File: SpaceStation Inp Run Input Set

Space Station with RCS and a Double-Gimbal CMG Array (Rigid) Exit Program
Space Station with RCS and a Double-Gimbal CMG Array

Create New

The next step is to locate the flight vehicle input dataset in file “SpaceStation.Inp”. This data set is
normally used to create the vehicle system, but it is also used by the mode selection program because
the program needs information regarding the RCS jets, the CMG cluster, the external torques, the
gyros and accelerometers which are defined in the vehicle dataset. The menu above shows the flight
vehicle titles which are included in file “SpaceStation.Inp”. Select the title: “Space Station with RCS
and a Double-Gimbal CMG Array” and click on “Run Input Set”. The next dialog is used to define the
number of excitation points and the number of sensor points used for mode selection. This does not
have to be equal to the actual number of vehicle effectors and sensors used in the model. It is only for
mode selection purposes. We must also define the range of mode selection (1 to 55 modes in this case).
We must remember, however, to exclude the first 6 rigid body modes in the mode selection, and
include only flex modes, because the rigid-body dynamics is included in the vehicle model. We must
enter the number of excitation forces (2 locations in this case), the number of torque excitations (3
locations in this case), and three rotational sensors for gyros. 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.

The next dialog is used to define unit conversions and axes transformation between the finite elements
model and the vehicle model because structures and GN&C groups in general use different units and
directions. Answer “Yes” that you want to modify the modal data. In this case the FEM directions are
the same as in our vehicle model. Some of the default signs in the dialog are initially set to (-) because
the x and z directions are usually opposite in the structural model, but in this example they should be
changed to (+) because they are defined in the same directions. The units, however, of the modal data
between the two models are not the same and they should be changed. The modal masses in the FEM
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should be scaled up by a factor of 12 because Nastran uses (snails), while we use (slugs) for mass. The
modal rotations (slopes) also need to be scaled up by a factor of 12 because in the FEM they are in
(rad/inch) and they should be converted to (rad/feet). The modal displacements do not change because
they go from (inches/inch) to (feet/foot). The scaling parameters in the dialog should be changed as
shown below.

Data Scaling Option

e Do you want to Modify the Modal Data?

*w Modal Data 5caling Factors x

kMaodal Data Scaling Factors

Generalized M azs [Gm) Multiplication Factor 12.000
todal Displacement [phi) Multiplication Factor 1.0000
tadal Slope [sigma) Multiplication Factor 12.000

Maodify Coardinates from Maztran Axes to Vehicle Axes

+4 inVehicle Awes Coresponds to: [+ | in Structures Axis

+7 inVehicle Awes Coresponds to: [+ | in Structures Axes

+ inVehicle Awes Coresponds to: [+ | in Structures Axes Ok

The next step is to specify nodes for the 2 force excitation points (which are two RCS jets) and the
three torque excitation points (which are at the CMGs). These locations are only for mode selection
purposes and they do not have to be the same as the actual RCS jet locations, the CMG cluster
location, or the attitude control sensors. In this case the mode strength is calculated between the 2
upper RCS jets, the CMG torques, and three arbitrary rotational sensors.

The nodes map, which is the file “FlexSpaceStruct.Nod” is used by the program to assist the user in
identifying the excitation and sensor nodes in the modal data file by using menus and dialogs. The
upper left and the upper right RCS locations (nodes #26 and #25) were associated with the two force
excitations. The force directions at the two nodes must also be selected as shown. Node #10 is selected
three times to represent the torque excitations in roll, pitch, and yaw directions respectively. Nodes #9,
#1, and #22 were arbitrarily selected for the three rotational measurements in roll, pitch, and yaw
directions respectively. The selection of these nodes is only used for mode comparison and selection
purposes.
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Table of Vehicle Structure FEM MNodes

I mode zelection, in arder ta calculate the relative mode strength of a number of modes in a specified direction wou must
define zome node pointz in the Mastran model where the excitation forces or torques will be applied and alzo the forcing
directions.

ak.

Similarly. vou must alzo define the senzor points [tranzlations or ratations) ahd the sensing directions.

Select a Location (Node) for Force Excitation @ 1 s
Payload boom, {(top—right) 1 1a&0

Payload boom, {(center) 2 3000

Payload boom, (top—left) 3 Z0&0

Unknown 4 3100

Right Soclar Array Boom 5 s070 a.o Z32 .35 ls.0

Right Solar Array (Comnect) & 505

Bight 52 Boom, Outboard the Hinge 7 €045 . .
Right S& Boom, Inboard the Hinge Serwvo =} €035 Direction
Right Boom (Sensor Assembly) b &001

Right Eeel/Boom Intrsect, Mz Location 10 1000

Cz Center of Structure 11 7001

Left Eeel/Boom Intersection 1z TOl0

Unknown 13 Zooo

Left Boom 14 5001

Left Boom, Inboard the Hinge Servo 15 5029

Left SA Boom, Outboard the Hinge Sercwvo le 5045

Left Sclar Array (Connect) 17 410

Left S5A Boom, Extreme end 15 5070 a.a —Z2Z24 _€3 1€.0

Right Habitat Module 13 9017

Module, (Front Dock) 20 Solg

Center Habitat Module Z1 S007

Bottom Payload Boom (Right) 22 11€0

Bottom Payload Boom {(Center) 23 4000

Bottom Payload Boom (Left) Entenna z4 21&0

Top Right RCS5 Thruster Assembly

Top Left BRCS5 Thrusters Assembly

Bottom Right RCS Thruster Assembly

Bottom Left RCS Thrusters Assembly

Mode Descrption,  Mode Mumber,  Mastran Mode ID Mumber,  Location Coordinates [+, Y, £)

Table of Vehicle Structure FEM MNodes

In mode gelection, in arder to calculate the relative mode strength of a number of modes in a specified direction you must
define some node points in the Mastran model where the excitation farces or torques will be applied and alzo the forcing
direchions.

oK

Similarly, you must alzo defing the sensor points [ranslations or ratationz] and the sensing directions.

Select a Location (Node) for Force Excitation : 2 Aol
Payload boom, (top—right) 1 Alongs
Payload boom, {center) 2

Payload boom, {(top-left) 3 AlongE
Unknown 4

Right Solar Array Boom 5 o.o Z32_35 l2.0

Right Solar Array (Connect) [

Right S5& Boom, QOutboard the Hinge 7 . .
Right SA& Boom, Inboard the Hinge Servo =] Direction
Right Boom (Sensor Lssembly) b]

Right Eeel/Boom Intrsect, CME Location 10 -[negatlve]
C&F Center of Structure 11

Left Eeel/Boom Intersection 12

Unknown 13

Left Boom 14

Left Boom, Inboard the Hinge Serwvo 15

Left 5& Boom, OCutboard the Hinge Servo 1e

Left Solar Rrray (Comnect) 17

Left 5A Boom, Extreme end 18 a.a —224_&3 1.0

Right Habitat Module 1%

Module, (Front Dock) 20

Center Habitat Module 21

Bottom Payload Boom (Right) 22

Bottom Payload Boom (Center)

Bottom Payload Boom (Left) Antenna

Top Bight RCS5 Thruster Assembly }

Top Left RCS Thrusters Assembly ZE Z050 o.o —E5_58 =1l85.0

Bottom Right BCS Thruster Assembly 27 1150 a.a 73.7 1440

Bottom Left BRCS Thrusters Assembly zB Z2150 a.a —&5.58 1440

Mode Deszcrption,  Mode Mumber,  Mastran Mode 1D Mumber,  Location Coordinates [, %, Z)
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Table of Vehicle Structure FEM Modes

In mode zelection, in order to calculate the relative mode strength of a number of modes in a specified direction you must
define some node paintz in the Mastran model where the excitation forces or torques will be applied and also the forcing
direchions.

Similarly, you must alzo define the senzar points [translations or rotations) and the senzing directions.

Select a Location {(Mode) for Torque Excitation: 1

Right
Right
Right
Right
Right

CE Ce
Left

Left
Left
Left
Left
Left
Bight
Modul
Cente

Payload boom, (top-right)
Payload boom, (center)
Payload boom, (top—-left)
Unknown

Solar Array Boom

Solar Array (Connect)

52 Boom, OCutkoard the Hinge

SR Boom, Inboard the Hinge Serwvo
Boom (Sensor Assembly)

Eeel/Boom Intrsect, CME Location

nter of Structure
Eeel/Boom Intersection

Unknown

Boom

Boom, Inkoard the Hinge Serwvo

5 Boom, Cutboard the Hinge Serwvo
Solar Array (Connect)

5k Boom, Extreme end

Hakbitat Module

e, (Front Dock)

r Hakitat HModule

Bottom Payload Boom (Right)

Bottom Payload Boom (Center)
Bottom Payload Boom (Left) Antenna
Top Right BCS Thruster Assembly
Top Left RCS Thrusters Assembly
Bottom Bight RCS Thruster Assembly
Bottom Left RBCS Thrusters Assembly

LY e S I« N o T S T T - I el

15

1aed
2000
20g0
2100
6070 0.0
505
o045
60359
c001
1000
7001
7010
Zooo
5001
5035
5045
410
5070 0.0
S017
Sols
S007
110
4000
210
1050
2050
1150
2150

Lo O o o |
Lo O o o |

232_35

-224 _&3

73.7
-&5._58
73.7
-&5._58

1a.0

1.0

-125.0
-185.0
l44.0
1440

MNode Descrption,  Node Mumber,  Mastran Mode 1D Mumber,

Lozation Coordinates [+, £)

ak.

Cancel

Bz

Diirection

- [negative
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Table of Vehicle Structure FEM Nodes

I mode zelection, in order to calculate the relative mode strength of a number of modes in a specified direction pou must 0K
define zome node points in the Mastran model where the excitation forces or torques will be applied and alzo the forcing
directions.

Similarly, you rust also define the sensor points [translations or rotations) and the sensing directions.

Select a Location (Mode) for Rotational Sensor: 1

Pawyload boom, (top-right) 1 lo&ed

Payload hoom, (Ccenter) Z 000

Dawload boom, (top-left) 3 ZOE0 Y aw
TUnkrnonm 4 3100

Bight Solar Array EBoom 5 5070

Bight Sclar Array (Connect) [ EOE

Bight 54 Eoom, Outbhoard the Hinge 7 5045 i
Dight 24 EBoom, Inboard the Hinge Serwvo s 5039 Direction
RBight Eeel/Boom Intrsect, CHG Location 10 1000 - [negative
CG Center of Structure AL 7001

Left Eeel/Boom Intersection 1z 7010

Tl rnonm 13 zooo

Left Boom 14 EOOL

Left Boom, Inboard the Hinge Serwvo 1t L0332

Lefr 2& Boowm, Outboard the Hinge Serwvo 1e Q4K

Left Solar Array (Connect) 17 410

Left 52 Boom, Extrems end 1s L5070

Dight Habkitat Module ALE) 2017

Module, (Fromt Dock) =0 S0l1ls

Center Habitat Module Z1 S007

Eotton Payload Eoom (Right) ZE 110

Eottom Fawyload Boom [(Center) =3 4000

Bottom Payload Boom (Left) Antenna Z4 210

Top Bight RBCS Thruster Assemblsy 5 loE5d a_a 757 —-18E5.0

Top Left RBCSE Thrusters Assemhbly Z6 Z0&50 a_o —&5_ L& -18&5.0
Eotctom Right RCE2 Thruster Assembly 7 11Ed a.a 7E.7 144 .0
EBEottom Left RBCE® Thrusters Assembly 8 2150 a_o —&5_ L& 144 0

Mode Description.  Node Mumber,  Mastran Mode ID Mumber.,  Location Coardinates (£, Y. Z)

Table of Yehicle Structure FEM Nodes

In mode selection, in order to calculate the relative mode strength of a number of modes in & specified direction you must Ok
define zome node points in the M astran model where the excitation forces or torgues will be applied and alzo the forcing
directions.

Similarly, pou muzst alzo define the senzaor points (tranzslations or rotationzs] and the senzing directions.

Select a Location (Node) for Rotational Sensor: 3 Az
Payload boom, (top-right] 1 Rall
Payload hoowm, (center) z Fitch
Payload boom, (top-left) £

TUnknoum 4

Bight Solar Array Eoom -1

Bight Solar Array (Connect) &

Bight 54 Boom, Outboard the Hinge ? . i
Right 2A Eoom, Inboard the Hinge Serwvo b= Direction
Bight Boom i(Sensor Assembls) a9

Bight Keel /Boom Intrsect, CHGC Location 10 - [negative
CE Center of Structure 11

Left Keel/Boom Intersection 1z

Trnlznow 1z

Left EBoom 14

Left EBoom, Inboard the Hinge Servo 1L

Left 254 Boom, Outbhoard the Hinge Serwvo 1&

Left Solar Array (Connect) 17

Left 24 Boom, Extreme end 1z

Bight Hahitat Module 12

Module, (Front Dock) z0

Center Habitat Module Z1

Eottom Payload Eoom [(Center) 23

Bottom Payload Boom (Left) Anternna =4

Top Bight RCE Thruster Assembly ZE o.a 737 =18E.0

Top Left BCS Thrusters Assembly 26 0.0 =EE. 55 —-lgL.0

EBottom Right BCS Thruster Assembly z7 0.0 73,7 1440

EBottom Left RBCE Thrusters Assembly Z8 o.a -5E_E8 1l44.0

Mode Description,  Mode Mumber,  Mastran Mode ID Humber,  Location Coordinates [, ', £)
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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 direction, and also by the values of the mode
shapes at the 3 rotational sensors in the directions measured. High mode shape values at the excitation
and sensor points imply strong contributions from those modes. The mode selection program calculates
the mode strength for each mode and saves it in file “Modsel.Msl” from where the user can select the
dominant modes graphically. The mode selection process, however, is not yet complete because the
program needs additional info before allowing the user to select which modes to retain from the big
modal data file. The selected modal data set will contain only the selected few dominant modes and
modal shapes at a few important locations which are defined in the Space Station input dataset, such
as: the RCS jets, the CMG location, the external disturbances, the attitude control sensors, and the
disturbance point. The program will display similar menus (different color) that show the nodes map
from where the user may select structural nodes for the required spacecraft locations.

To begin, the user must identify 8 nodes (#25, #25, #26, #26, #27, #27, #28, and #28) that correspond
to the 8 RCS jet locations. The upper right (in the X and -Y directions), upper left (X and Y
directions), bottom right (X and -Y directions), and bottom left jets (X and Y directions) respectively.
The user must also select a location for the CMG cluster. The right boom and keel intersection point,
node #10 (1000), was selected for the CMGs. Three locations must also be selected for the three
external torques to be used for crew disturbance excitations. The “Center Habitat Module”, node #21
(9007) is selected three times for roll, pitch, and yaw disturbances respectively.

ou muzst now identify zome pointz on the finike element model that correspont o the important locations on the vehicle [as

zpecified in the vehicle data) where the forces are being applied and the motion iz being zenzed. Such az TVC gimbalz, gyrosz,
et

Select a Location (Mode) for Dougle Gimbal CMG: 1
Payload boom, (top—right] 100
Payload boom, [(center) 3000
Payload boom, (top—-left) Z0a0
Unknow 2100

Bight Solar Array Boom

Bight Solar Array (Connect)

Bight 24 EBoom, Outboard the Hinge
Bight 24 Boom, Inboard the Hinge Serwvo
Bight EBoom (Sensor Assembly)

070
L05
&0 5
s03z3
s001

W ik WOR

1]

PBight EKeel /Boom Intrsect, CH: Location 1a00
CE Center of Structure 11 7o01
Left Eeel//Boom Intersection 1z 7alo0
Trnlknoum 1z Z0an
Left EBoom 14 Eool
Left Boom, Inboard the Hinge Serwvo 1k EQz9
Leftt 254 Boom, Outboard the Hinges Serwvo 1& EO45
Left Solar Array (Connect) 17 410
Leftt 24 Boom, Extremse end 1= EQ70
Dight Habitat Module 13 2017
Module, (Front Dock) Z0 S0l1ls
Center Habitat Module Z1 2007
EBottom Payload Boom (RBight) 22 11&0
EBottom Payload Boom (Center) 23 4000
Bottom Payload Boom (Left) Antenna 24 Z1&0
Top RBight PBCS Thruster Assembly ZE5 1050 a.a 73,7 -1s&5_0
Top Left PBCE Thrusters Assembly ZE 2050 a.a -&6E5_E8 -1s&5_0
EBotctom Pight RBCE Thruster Assembly 7 1150 a.a 73,7 144 _0
EBotctom Left RBCS Thrusters Assembly Z8 Z1E0 a_o -&6E5_E&8 144 _0

Mode Dezcription,  Mode Mumber,  Masztran D, Location [, Y, £]
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“w Table of Vehicle Structure FEM MNodes >

ou must now identify zome pointz on the finite element model that corespont to the important locations on the vehicle (az
zpecified in the vehicle data) where the forces are being applied and the motion iz being zenzed. Such az TWC gimbals, gyros,
=1{=

Select a Location (Mode) for Thruster Engine : 1 I 0K I
Payload boom, {(top—right) 1 100

Pavyload boom, (center) 2 2000

Payload boom, {(top—-left) 3 Z0e0

Unknown 4 2100

Right Solar Array Boom 5 €070 o_a 232 _35 la.0
Right Solar Array ({(Connect) & 505

Right S& Boom, Cutboard the Hinge 7 s045

Right S& Boom, Inboard the Hinge Serwvo =l &025

Right Boom (Sensor Rssembliy) k=] 001

Right Feel/Boom Intrsect, CHME Location 14000
Cz Center of Structure TO01
Left Eeel/Boom Intersection 7010
Unknown Z000
Left Boom S001
Left Boom, Inboard the Hinge Serwvo 5025
Left S5A Boom, Outboard the Hinge Serwvo 5045
Left Solar Array (Connect) 410
Left 5 Boom, Extreme end 5070 a.a —2Z4 _ &3 1e.0
Right Habitat Module 9017
Module, (Front Dock) 5018
Center Habkitat Module Soo7
Bottom Payload Boom (Right) 1l1le0
Bottom Payload Boom (Centexr) 4000
Bottom Payload Boom (Left) Antenna Z1l&0

Top Bight BCS Thruster Assembly 2 1050

Top Left RCS Thrusters Assembly 26 2050 o_a —&5.58 —185._.0
Bottom Right RCS Thruster Assembly 27 1150 a0 TI_7 144 . 0
Bottom Left RCS Thrusters Assembly 28 Z1ls0 .0 —G5._58 l44.0
Mode Description.  Mode Humber,  Mastran ID.  Location [<. Y. Z)

% Table of Vehicle Structure FEM Nodes >

ol rust how identify some points oh the finite element model that corespont to the important locations on the vehicle [as
zpecified in the vehicle data)] where the forces are being applied and the motion iz being senzed. Such as TVC gimbals, guros,
et

Select a Location (Node) for Thruster Engine : 4 I ok I
Payload boom, (top—right) 1

Payload boom, (center) 2

Payload boom, (top—left) 3

Unknown 4

Right Solar Array Boom 5 0.0 232 _35 1la.0
Right Solar Array (Connect) [

Right SA Boom, Cutboard the Hinge 7

Right SA Boom, Inboard the Hinge Serwvo =]

Right Boom (Sensor Lssembly) =]

Right Eeel/Boom Intrsect, Mz Location 10

Cz Center of Structure 11

Left Eeel/Boom Intersection 12

Unknown 1z

Left Boom 14

Left Boom, Inboard the Hinge Servo 15

Left 5A Boom, Cutboard the Hinge Serwvo 1€

Left Solar Rrray (Connect) 17

Left 5A Boom, Extreme end 1ls o.0 —2Z4 _63 1e.0
Right Habitat Module 15

Module, (Front Dock) 20

Center Habitat Module zZ1

Bottom Payload Boom (Right) 2z

Bottom Payload Boom (Center) 23
Bottom Payload Boom (Left) RAntenna
Top Bight RCS5 Thruster Assembly

ft BCS Thrusters As izl
Bottom Right RCS Thruster Assembly
Bottom Left RCS Thrusters Assembly

Mode Dezcrption,  Mode Mumber,  Mastran 1D, Location [=, Y, 2]
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"% Table of Vehicle Structure FEM Modes ot
Mol muzst how identify 2ame points an the finite element model that carespont ta the impartant locations an the vehicle [az
zpecified in the vehicle data) where the forces are being applied and the mation iz being sensed. Such az TVC aimbals, guros,
et

Select a Location (Node) for External Torque : 1
Payload boom, (top-—right) 1 1d&0d

Payload boom, (center) 2 30040

Payload boom, (top—left) 3 Z0e0

Unknown 4 3100

Right Solar Array Boom 5 &070 o.ad 232 _35 la.0
Right Solar &rray (Connect) [ 505

Right 5A Boom, Cutboard the Hinge 7 c045

Right 5A Boom, Inboard the Hinge Servo g s035

Right Boom (Sensor Assembly) =l 001

Right EKeel/Boom Intrsect, CHME Location 1a 1aaad

Cz Center of Structure 11 TO01

Left Eeel/Boom Intersection 1z 7010

Unknown 13 Z000

Left Boom 14 5001

Left Boom, Inboard the Hinge Serwvo 15 5035

Left S5A Boom, Outboard the Hinge Serwvo le 5045

Left Solar bLrray (Connect) 17 410d

Left S5A Boom, Extreme end 1a 5070 o.ad —224 _63 1.0
Right Habkitat HModule 15 5017

Module, (Front Dock) 20 G018

Bottom Payload Boom (Right) 22 11l&d

Bottom Payload Boom (Center) 23 4000

Bottom Payload Boom (Left) hntenna z4 Z1le0

Top BRight RCS Thruster Assembly 25 1as0 o.ad 737 —1H5_0
Top Left RCS5 Thrusters Assembly 26 2050 o.ad -85 .58 —1H5_0
Bottom Bight RCS Thruster Assembly 27 1150 o.ad 737 144 .0
Bottom Left BCS Thrusters Assembly 28 2150 o.ad -85 .58 144 .0
Mode Description,  Mode Mumber,  Mastran D, Location [2, %, £]

The right boom sensor assembly, node #9 (6001), is selected 6 times for the 6 rotational measurement.
Three times for the 3 rate measurements in roll, pitch, and yaw directions, and three times for the 3
attitude measurements in roll, pitch, and yaw directions.

We must also select locations for the four accelerometers to be used in the sensitivity analysis. The
“Right Solar Array Boom”, node #5 (6070), is selected twice for the x and z right boom accelerometer
measurements, and the “Left Solar Array Boom, Extreme end”, node #18 (5070), is selected twice for
the x and z left boom accelerometer measurements. We finally select node #20 (9018) for the
disturbance torque location, which is not used for flex excitation in this case because the disturbance
point is used for applying the constant bias torque.
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4 Table of Vehicle Structure FEM Modes

*

etc.

ou must now identify gome pointz on the finite element model that corezpont to the important locationz on the vehicle [az
zpecified in the vehicle data) where the forcesz are being applied and the motion iz being zenzed. Such az TYC gimbalz, gyroz.

Select a Location (Mode]) for GyrofRate Sensor: 1

I Ok I

Payload boom, {(top—-right)

Payload boom, {(center)
Payload boom, {(top—left)
Unknown

Right Solar Array Boom
Right Solar Array (Connect)
Right S5A Boom, Cutkboard the Hinge

Right Boom (Sensor Assembly)

Cz Center of Structure

Left Eeel/Boom Intersection
Unknown

Left Boom

Left Boom, Imboard the Hinge Serwvo

Left Solar Array (Connect)

Left SA Boom, Extremese end

Right Habitat Module

Module, (Fromnt Dock)

Center Habitat Module

Bottom Payload Boom (Right)

Bottom Payload Boom (Center)
Bottom Payload Boom (Left) Antenna
Top Right RCS Thruster Assembly
Top Left RCS Thrusters hAssembly
Bottom Right RCS Thruster Assembly
Bottom Left BCS Thrusters Assembly

Right S5A Boom, Inboard the Hinge Servo

Right Eeel/Boom Intrsect, CHME Location

Left SA Boom, Cutboard the Hinge Servo

1
3
4
5
s
7
=)
k=]

10€0
2000
2060
2100
&070

S05
&045
E035
E001
1000
TO001
7010
ZOooo
5001
5035
S045

410
5070
S017
Sols
S007
11l&0
4000
2160
1050
2050
1150
Z150

l2.0

16€.0

—l25.0
—185.0
144.0
144 .0

Mode Description. Mode Mumber,  Mastran 1D,

Location [=. . 2]

“w Table of Vehicle Structure FEM Nodes

=

ou must now identify zome pointz on the finite element model that correzpont to the important locations on the vehicle (as
zpecified in the wehicle data) where the farces are being applied and the mation iz being zenzed. Such az TVC gimbalz, gyros,
elc.
Select a Location {(Node) for Accelerometer : 1 | ok, |
Payload boom, (top—right) 1 10€0
Payload boom, (center) z 3000
Payload boom, (top—left) ] Z0s0
Unknown 4 2100
Solar Array Boom 5 &070
Right Solar Array (Connect) [ 505
Right SA Boom, Outboard the Hinge 7 £045
Right S5A Boom, Inboard the Hinge Servo =] s039
Right Boom (Sensor Assembly) S &001
Right Eeel/Boom Intrsect, CHME Location 10 1000
Cz Center of Structure 11 7001
Left Eeel/Boom Intersection 12 7010
Unknown 13 Zooo
Left Boom 14 5001
Left Boom, Inboard the Hinge Serwvo 15 5039
Left S5 Boom, OCutkboard the Hinge Servo 16 5045
Left Solar Rrray (Connect) 17 410
Left S5A Boom, Extreme end 1z 5070 le.0
Bight Hakitat HModule 15 5017
Module, (Front Dock) zo Sdls
Center Habitat Module 21 So007
Bottom Payload Boom (Right) 22 11&0
Bottom Payload Boom (Center) Z3 4000
Bottom Payload Boom (Left) Antenna 24 Z1s0
Top BRight RCS Thruster Assembly 25 1050 -185.0
Top Left BRCS Thrusters Assembly 26 Z050 —-185.0
Bottom Bight BCS5 Thruster Assembly 27 1150 1l44_0a
Bottom Left RCS Thrusters Assembly za Z1s50 144 0

Mode Descrption.  Mode Mumber.  Mastran D).

Location [<. 7. Z]
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2w Table of Vehicle Structure FEM Modes s

ou must now identify some pointz on the finite element model that correspont bo the important locations on the vehicle [as
specified in the wehicle data] where the forces are being applied and the motion is being senzed. Such as TYC gimbalz. guros.
etc.

Select a Location (Mode) for Accelerometer : 3 I ok I
Payload boom, (top—right) 1 10&0
Payload boom, {(centex) = 2000
Payload boom, (top—left) 3 Zaed
Unknowrn 4 3100
Right Solar Array Boom =1 070 a.0 232 .35 1ls._.0
Right Solar Array (Connect) [ 505
Bight S& Boom, OCutboard the Hinge 7 045
Bight S& Boom, Inboard the Hinge Serwvo =] 035
Right Boom (Sensor Assembly) =] €001
Right Eeel/Boom Intrsect, CHE Location 1a 1000
Cz Center of Structure 11 TO01
Left Eeel/Boom Intersection 1z 7010
TUnknown 12 Z000
Left Boom 14 5001
Left Boom, Inboard the Hinge Serwvo 15 5035
Left SA Boom, Cutboard the Hinge Servo 1ls 5045
Left Solar Array (Connect) a7 410
m, Extreme end
Right Hakitat HModule 15 S0o17
Module, (Front Dock) 20 Sols
Center Habitat Module 21 S007
Bottom Payload Boom (Right) 22 11e0
Bottom Payload Boom (Center) 3 4000
Bottom Payload Boom (Left) Antenna z4 Z1e0
Top Bight RCS Thruster Assembly 25 1050 a.0 T3.7 —185.0
Top Left BCS Thrusters Assembly (= Z050 .0 —&5 .58 —185.0
Bottom BRight RCS Thruster Assembly 7 1150 .0 T3.7 144 .0
Bottom Left BRCS Thrusters Assembly 28 2150 .0 —&5 .58 144 .0
Mode Description. Mode Mumber.  Mastran |ID,  Location (=, Y. 2]
“% Table of Vehicle Structure FEM Modes bt

ou must now identify zome points on the finite element model that cornezpont ta the important locations on the vehicle [az
specified in the vehicle data] where the forces are being applied and the motion iz being sensed. Such as TWC gimbals, gyros,
ek

Select a Location (Node) for Double Gimbal CMG: 1 | 0k, |
Payload boom, (top—right) 1 100

Payload boom, {(center) 2 3000

Payload boom, (top—left) 3 Zoes0

Unknown 4 2100

Right Solar Array Boom 5 s070 a.a 232 _35 1s.0
Right Soclar Array (Connect) E 505

RBight S& Boom, Cutkboard the Hinge 7 s045

Right S5& Boom, Inboard the Hinge Serwvo =] s035

Right Boom (Sensor Assembly) 5 s001

fBoom Intrs = 1 1000
C: Center of Structure 11 7001
Left Eeel/Boom Intersection 1z TOL10
Unknown 13 Za00
Left Boom 14 SO0l
Left Boom, Inboard the Hinge Serwvo 15 5035
Left 5A Boom, Outkboard the Hinge Serwvo le 5045
Left Solar Array (Connect) iv 410
Left 5B Boom, Extreme end 1a 5070 a.a —Z2Z24 &3 1.0
Right Hakitat HModule 1% Sa17
Module, (Front Dock) Z0 So0ls
Center Habitat Module 21 So0o7
Bottom Payload Boom (Bight) 2z 11&0
Bottom Payload Boom (Center) 23 4000
Bottom Payload Boom (Left) Antenna Z4 Z1e0
Top Right RCS Thruster Assembly 25 1050 a.0 T32_7 —185.0
Top Left BCS Thrusters Assembly 26 Zaso .0 —&5.58 —1285.0
Bottom Right RCS Thruster Assembly 27 1150 a.o TI.7 144 .0
Bottom Left RCS Thrusters Assembly 8 2150 a.a —-&5_58 144 . 0

Mode Dezcription,  Maode Mumber,  Mastran 1D, Location (<, . 2]
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At this point the mode selection program performs a mode strength comparison between the excitation
points and directions to the sensor points and directions, and it saves the relative mode strength for
each mode in file “Modsel.Dat”. It displays also the following bar chart that plots the relative mode
strength for each mode versus the mode number. The height of each bar is logarithmically proportional
to the relative mode strength. The strong modes are tall and the weak modes are short. The modal
strength is not an absolute number but it is adjusted relative to the minimum and maximum modal
strengths. All modes 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, although strong,
were not selected because they are rigid-body modes and the rigid-body dynamics are already included
in the vehicle model. We select 34 flex modes and press the enter button to complete the mode
selection.

Mode Strength Comparison (use motise to select the strongest modes)
Select Dominant Modes of: LARGE SPACE STRUCTURE WITH SOLAR ARRAY, Fro

110

100

90

80

70

60

50

Mode Strength

40

30

3 8§ 13 18 23 28 33 38 43 48 53
Mode Number

The selected set of modes now contains the frequencies and mode shapes of the strongest modes at
important vehicle locations and it is saved in file “SpaceStation.Inp”. You may also enter a short label
that briefly describes the selected set of modal data that will be included in the title, for example:

Insert a Short Description to the Title (10 char)

OK

From &ll 3 Axes
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The final step before finishing the mode selection process is to complete the dialog below where the
user enters some notes regarding the mode selection process to be used for future reference.
Describing, for example, what type of modes were selected, conditions of mode selection, excitation
and measurement points, axes directions, etc. This information will be included as comments below
the title in the selected modes set that will be saved in the input data file “SpaceStation.Inp”. The title
of the selected modes set is “Space Station
with RCS and a Double-Gimbal CMG
Array, 34 Modes”. The title must also be | Enter some notes describing the mode selection criteria,
included at the bottom of the Space Station excitation points, directions, etc. To be used for future reference | OK

input dataset (below the number of flex 34 Flex Modes were selected fromall directions. Same

mOdeS.) in order for the .ﬂlght vehicle Modes as in Previous Examples, The 6 Rigid Modes were not
modeling program to associate the modes included

with the spacecraft data.

Enter Motes

SELECTED MODAL DATA AND LOCATIONS FOR: From All 3 Axes

Space Station with RCS and a Double-Gimbal CMG Array, 34 Modes from All 3 Axes

I 34 modes were selected from all directions, the same modes as in Previous Examples.
I The Ffirst 6 Rigid-Body Modes were not included

MODE# 1/ 7, Frequency (rad/sec), Damping (zeta), Generalized Mass= 1.0097 0.50000E-02 12.000

DEFINITION OF LOCATIONS (NODES) phi along X phi along Y phi along Z sigm about X sigm about Y sigm about Z
Node 1D# Modal Data at the 8 Engines, (X,y,Zz).--

Top Right RCS Thruster Assembl 1050 0.59628D-02 -0.16325D-04 0.96510D-04  0.42971D-06 -0.33256D-04  0.10894D-04

Top Right RCS Thruster Assembl 1050 0.59628D-02 -0.16325D-04 0.96510D-04  0.42971D-06 -0.33256D-04 0.10894D-04

Top Left RCS Thrusters Assembl 2050 0.54261D-02 -0.62395D-05 0.74506D-04 -0.10905D-06 -0.31918D-04 -0.18344D-04

Top Left RCS Thrusters Assembl 2050 0.54261D-02 -0.62395D-05 0.74506D-04 -0.10905D-06 -0.31918D-04 -0.18344D-04

Bottom Right RCS Thruster Asse 1150 -0.35170D-02 -0.59190D-04 0.96566D-04 0.13160D-06 -0.31650D-04 0.15942D-04

Bottom Right RCS Thruster Asse 1150 -0.35170D-02 -0.59190D-04 0.96566D-04 0.13160D-06 -0.31650D-04  0.15942D-04

Bottom Left RCS Thrusters Asse 2150 -0.32580D-02 -0.58408D-04 0.74465D-04 0.21757D-06 -0.30306D-04 -0.12670D-04

Bottom Left RCS Thrusters Asse 2150 -0.32580D-02 -0.58408D-04 0.74465D-04 0.21757D-06 -0.30306D-04 -0.12670D-04
Node 1D# Modal Data at the Double Gimbal GMGs Cluster...

Right Keel/Boom Intrsect, CMG 1000 0.11384D-02 -0.58736D-04  0.96470D-04 -0.23552D-06 -0.30827D-04 0.65746D-04
Node I1D# Modal Data at the 3 External Torque Points...

Center Habitat Module 9007 0.29012D-02 -0.26348D-04 0.31307D-04 0.30160D-06 -0.43846D-05 -0.97127D-07

Center Habitat Module 9007 0.29012D-02 -0.26348D-04 0.31307D-04 0.30160D-06 -0.43846D-05 -0.97127D-07

Center Habitat Module 9007 0.29012D-02 -0.26348D-04 0.31307D-04 0.30160D-06 -0.43846D-05 -0.97127D-07
Node 1D# Modal Data at the 6 Gyros ...

Right Boom (Sensor Assembly) 6001 -0.14682D-03 -0.65626D-04 0.90529D-04 -0.37958D-06 -0.33769D-04 0.86246D-04

Right Boom (Sensor Assembly) 6001 -0.14682D-03 -0.65626D-04 0.90529D-04 -0.37958D-06 -0.33769D-04 0.86246D-04

Right Boom (Sensor Assembly) 6001 -0.14682D-03 -0.65626D-04 0.90529D-04 -0.37958D-06 -0.33769D-04 0.86246D-04

Right Boom (Sensor Assembly) 6001 -0.14682D-03 -0.65626D-04 0.90529D-04 -0.37958D-06 -0.33769D-04 0.86246D-04

Right Boom (Sensor Assembly) 6001 -0.14682D-03 -0.65626D-04 0.90529D-04 -0.37958D-06 -0.33769D-04  0.86246D-04

Right Boom (Sensor Assembly) 6001 -0.14682D-03 -0.65626D-04 0.90529D-04 -0.37958D-06 -0.33769D-04 0.86246D-04
Node 1D# Modal Data at the 4 Accelerometers, along (X,y,Z)-..

Right Solar Array Boom 6070 -0.25921D-01 -0.73995D-04 -0.57584D-04

Right Solar Array Boom 6070 -0.25921D-01 -0.73995D-04 -0.57584D-04

Left SA Boom, Extreme end 5070 -0.26691D-01  0.68332D-05 -0.15103D-03

Left SA Boom, Extreme end 5070 -0.26691D-01  0.68332D-05 -0.15103D-03
Node I1D# Modal Data at the Disturbance Point

Module, (Front Dock) 9018 0.28820D-02 -0.73445D-04 0.35876D-03  0.49346D-06 -0.54146D-05 -0.28216D-06
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4.2 Creating the Space Station Model

We will now run the flight vehicle modeling program to process interactively the input data from file
“SpaceStation.Inp” and to create the state-space system of the flexible Space Station. Start the Flixan
program and choose the project directory: “\Flixan\ Examples\ Large Space Station”. From the main
menu choose “Program Functions”, “Flight Vehicle/ Spacecraft Model Tools”, and “Flight Vehicle
State-Space”. From the filenames selection menu choose the input vehicle data file “SpaceStation.Inp”,
the output systems file “SpaceStation.Qdr”, and click on “Process Files”.

4 Flixan, Flight Vehicle Modeling & Control System Analysis

Ltilities  File Management = Program Functions = View Cuad  Help Files

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

Creating and Modifying Linear Systems Create Mixing Logic/ TVC

Trirn, Static Perform Analysis
Flex Mode Selection

e

Select Input and System Filenames
Select a File Mame containing Select a File Mame containing
the Input Data Set (x.Inp) the State Systems (x.Gidr)
SpaceStation.Inp SpaceStation.Qdr
FlexSpacestruct.Inp FlexSpacestruct.Qdr
SpaceStation.np Spacestation.Qdr
NewFile.lnp NewFile . Qdr
Create New Input Set Exit Program Process Files

The following menu shows the titles of all vehicle datasets which are included in the input file. Select
the vehicle title “Space Station with RCS and a Double-Gimbal CMG Array” that includes flexibility
and click on “Run Input Set”.

Select a Set of Data from Input File

Select a Set of Input Data for "FLIGHT VEHICLE" from an Input File: SpoceStationinp Run Input Set

Space Station with RCS and a Double-Gimbal CMG Array (Rigid) Exit Program

Space Station with RCS and a Double-Gimbal CMG Array

Create New
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The following dialog is presented by the vehicle modeling program showing the spacecraft parameters.
You may click on the various tabs to view the vehicle data in groups. To process it, click on “Run” and
the program will combine the Space Station rigid body data with the flexibility dataset that includes the
selected 34 structural modes to create the flex model. It will save the state-space model in file

“SpaceStation.Qdr” using the same title as the input data “Space Station with RCS and a Double-
Gimbal CMG Array”.

Flight Vehicle Parameters
Yehicle System Title

|Space Station with RCS and a Double-Gimbal CMG Array | Zel il e £l
Mumber of ¥ehicle Effectors Mumber of Senzors Modeling Dptions (Flags) Run
Gimbaling Engines or Jets. - — Output Rates in Turn Coordination
Include TailwagsDag? il Gyros EI BT i Save in File
Fiotating Control Surfaces. WiITH TwD Stability Axes n Coordi
Include Tail*wags-Dog? WITHOUT TWwD Acceleromet -
Fieac:ting II' i Aero Vanas II' Aero-Elasticity Optiong Attitude Angles Number of Modes
Wheel$. Momentum Control Devices Include GAFD, H-param | | Euler Ainges Stucture Bending
Single Include a 3-axes . Integrals of Rates
Gimbal II' Stabilized Double Extemal Neshes Gefd ror Hpar | LVLH litude | Fuel Sloshing: |I|
ChGs? Gimbal CMG System? Tarques

Mass Properties Trajectory Data Gust! Aero Paramet. Aero Force Coeffs Aero Maoment Coeffs Cantral Surfaces Gimbal Engines/ RCS External Tarques

Reaction Wheels  Single Gimbal CMGs  Double Gimbal CMG System  Slewing Appendages  Gyroz  Accelerometer  Aero Sensors  Fuel Slosh  Flex Modes  ser Motes
This Yehicle has 34 Bending Modes

Select a zet of Modal Data to be combined with the flight vehicle parameters
Station with BCS and a Double-Gimbal ChMG Array, 34 Modes

pace Statlon with RCS and a Double-Gimbal CMG Array [Rigid). From &l 3 Axes

4.2.1 Exporting to Matlab Format

The Space Station systems must also be reformatted to Matlab m-file in subdirectory “Large Space
Station\(d) Mat Flex Lin (FVP)” for further analysis, using the Flixan “Export to Matlab” utility. Start
Flixan and select the project directory: “Large Space Station”. Then go to “Utilities” and select
“Matlab Conversions”, and then “Export to Matlab”. From the systems menu select the systems file
“SpaceStation.Qdr” that contains the Space Station systems and click OK. You must also select the
destination directory “\Large Space Station\(d) Mat Flex Lin (FVP)” where the m-file will be placed
for Matlab analysis.

“w Flixan, Flight Vehicle Modeling & Control Systern Analysis

Utilities = File Management Program Functions  View Cuad  Help Files
Select a Project Directory

Select Project Files

Create a New Matrix
Create a Mew System .

MATLAB Conversions > Export to MATLAE
Out Graphics Format > Read from MATLAE
Exit Flixan Program L
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Select a Systerns File Specify a Matlab Project Directory >

Select a Systems File from the

| Flixan\Examples'Large Space Station{d) Mat Flex Lin (FVF) |
Project Directory that comtains

the Matrices to be Experted to F-15 Aircraft ~
eles Fighter Aircraft
SpacesStation.Qdr Flex Agile Spacecraft with SGCM
FlexSpacestruct.Qdr Interceptor SC
v | Large Space Station
MewFile.Qdr {a) Mat Flex Lin (FEM)

(b) Mat MonLin RigBod

{c) Mat MonLin Flex

(d) Mat Flex Lin (FVF)

Docs "

oK Canc

Use the next dialog to specify that the system will be saved as an m-file function of 4 matrices (A, B,
C, D). The next menu shows the titles of systems in file “SpaceStation.Qdr”. Select the first title:
“Space Station with RCS and a Double-Gimbal CMG Array” and click on “Select”.

Export Systemns to Matlab

Select a Matrix, System, or Save the System Data as

OK
Synthesis Model to Read from  Separate Matrix Files
Systems File: "AMat, B Mat, € Mat" or Exit
FlexSpaceStruct.qdr l::llsbtd.'_.’rrrnlnlgh Function File: Save the conversion
; ; a data-getin input file
() single Matrix Flex SpaceStuctIng
System [A,B,C,D Matrix Files (*.Mat 2
@ v : 1 D l: ] @ Do Not Save
() synthesis Model (®) Function [m-file)

() save in File

Finally enter the name of the m-file to save the system (without the extension .m), and click OK. The
name of the m-file is “vehicle_flex34.m”. It contains the four state-space matrices of the flexible
spacecraft system and it will be loaded into Matlab for control analysis. The flexible Space Station
model is now saved in the Matlab project directory “Examples\ Large Space Station\ (d) Mat Flex Lin
(FVP)” to be analyzed using Matlab/ Simulink.
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Select a State-Space System from Cuad File

Select a State-Space Model for Matlab Conversion, From Systems File: SpaceStation.gdr

Space Station with RCS and a Double-Gimbal CMG Array (Rigid)

Space Station with RCS and a Double-Gimbal CMG Array
Space Station with RCS and a Double-Gimbal CMG Array2

Matrices Saved *

Matrices will be Saved in Matlab Directory:
Ch\Flixan\Examples\Large Space Station'(d) Mat Flex Lin (FVP)

Choose a System Tifle and then click "Select" Cancel View System Select

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

oK

vehicle_flex34

4.2.2 Processing the Input Data in Batch Mode

The input data file also includes a batch set that can process the datasets fast by calling the
corresponding programs and saving the data in the systems file. It also converts the vehicle systems to
Matlab m-files for analysis. In order to run the batch and process the datasets, go to the Flixan main
menu and select “File Management”, “Manage Input Files”, and then “Edit/ Process Input Data”.

Managing Input Data Files

To Manage an Input Data File, Point fo the Exit
Filename and Click on "Select Input File" The following Tnput Data Sets are in File: SpaceStation Tnp
SpaceStation.Inp Select | + il Bun Batch Mode : Batch for Large Flexible Space Station

nput e Flight Vehicle - Space Station with BCS and a Double-Gimbal CME Array (Rigid)

Flight Vehicle : Space Station with BCS and a Double—Gimbal CMG Array
pacestation np I Edit Input File Modal Data : Space Station with RCS and a Double-Cimbal CMC Array, 34 Modes
To Matlab Format - Space Station with B2CS and a Double-Gimbal CME Array
To Matlak Format : Space Station with RCS and a Double Gimbal CME Array (Rigid)

Process Input Data Modal Data : Space Station with RCS and a Double-Gimbal CME Array (Rigid), From 211 2 RAxes
| Delete Data Sets in File
I Relocate Data Set in File
I Copy Set to Another File

I View Data-Set Comments

Comments, Data-Set User Notes

h'hfs batch set creates a flex model for a Space Station that is controlled by RC5 and an array of double-gimbal CMGs, Two models are created, a rigid-body model and a flexible model using
the attached medal data,

The m-files for the two vehicle models are: “vehicle_flex34.m” and “vehicle_rigid.m”. They are moved
to the Matlab project subdirectory “(d) Mat Flex Lin (FVP)” to be analyzed in Matlab/ Simulink.
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4.3 Simulation of the TEA Converging Attitude Control Mode

The Momentum Management/ TEA Seeking mode of operation was described in Sections 2.4 and 3.4.
In this section we will repeat the analysis using the Flixan derived flex state-space system “Space
Station with RCS and a Double-Gimbal CMG Array” which is loaded into Matlab from file “vehicle-
flex34.m”. The closed-loop Simulink model for this mode is in file: “Sim_Lin_TEA_Flex.MdI”” shown
in Figure 4.3.1, which is located in folder “Large Space Station\ (d) Mat Flex Lin (FVP)”. This model
is used for linear time-domain simulations of the Space Station near the LVLH attitude. The linear
equations of motion in LVLH are defined in equations (4a-4c). The vehicle attitude is initialized in the
LVLH frame and it slowly drifts towards the torque equilibrium attitude under the influence of the
external torques. The rate in the state vector x(0) is initialized at zero. The pitch rate is not initialized at
negative orbit rate (-wo) but at zero because it is defined relative to the LVLH frame. The bias torque in

equation (4.a) is modified to: w?[-41,, 3l,, I . This term is introduced in the model as a

constant disturbance of amplitude 7.4015 (ft-1b) in the unit vector direction (0.196972, -0.596376, -
0.778163). The direction of the bias torque is defined in the vehicle input data and its magnitude is set
by constant input in the Simulink model. The aerodynamic disturbances are defined as external torque
inputs in the X, y, and z directions in the vehicle input data and the disturbance torques are produced by
sinusoidal functions generated in the simulation. The rate-gyro measurements are generated from the
vehicle outputs #12, #13, #14 which include flexibility and not using the rigid-body rates, outputs #2,
#4, #6. They are body rates and they are converted to LVLH rates by means of the transformation
CBL. Notice that, the rigid-body LVLH attitudes are used in the transformation. The Matlab file
“start.m” loads the state-space system and other parameters into Matlab to initialize the simulation. It
also loads the state-feedback gain K, that was designed using the LQR method in Section 2.4.

—»| Tcmg att-ly

Hcmg

Flexible Spacecraft
Model from Flixan

vehicle_flex34.m

—l
Disturbance az
Filter
CMG .
Control State-Feedback
Torque Matrix Kpqr
LAR State-Feedback
Kpgr*

Figure 4.3.1 Linear Simulation Model with Flexibility “Sim_Lin_TEA Flex.mdl” Used for the Momentum
Management TEA-Converging Mode
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There is no attitude command in the system when the Station is operating in this mode. The vehicle
attitude drifts under the influence of the aerodynamic torques which are included in the Space Station
dynamics (green block) and the gravity gradient torques which are also included in the equations of
motion, Equations 2.1, since the body-rates in Equations 4 are transformed to LVLH rates similar to
Eqg. 2.1. The state-feedback stabilizes not only the vehicle attitude but it also bounds the CMG
momentum. The attitude slowly drifts to the torque equilibrium attitude and the CMG momentum
cycles around zero momentum under the influence of the cyclic disturbance torques occurring at (o)
and at (2m,). The CMG control system is also attenuating the attitude oscillations caused by the cyclic
disturbances. The disturbance accommodation filter further attenuates the pitch oscillations that occur

at orbital rate m,, as it was described in detail in Section 2.4.

LVLH  theta att-b Body to LVLH
Attitude —'—P@ Transform

RCS
throttle P st v
CMG : wh iy {1 LVLH
Control Wi Rates
Torque Clock time Wiv
C_B2LV —>|:|
Body Rates -
W =Ax+Bu
y = Cx+Hlu accelerom Qutputs = 24 _ _
_ (ft"SBD"E} 1 Roll Atitude (phi-LVLH) (radians)
Flizan 2 Roll Rate (p-lvih)  (radisec)
. State-Space 3  Pitch Attitude (thetLVLH ) (radians)
Bias Torque . P 4 Pitch Rate (g-vih) (rad/sec)
7 401535 vehicle_flex34.m 5 Yaw Affitude (psi-LVLH) (radians)
6 Yaw Rate (r-lvlh) (rad’sec)
wigh 2 [4J2 3. —@ HC"”Q 7  Angle of aftack‘. alfa, tradian_s]
3J13 8 Angle of sideslip, beta, (radian)
: '—FEI 9 Change in Altitude, delta-h, (feet)
412] 10 Forward Acceleration (V-dot) (ftisec)
11 Cross Range Velocity (Ver) (ft/ sec)
Inputs = 15 Hemg
1 Upper Right RCS Throttie +X 12 RateGyro # 1, Roll Rate (Body) (rad/sec)
2 Upper Right RCS Throtte -Y CMG 13 Rate-Gyro # 2, Pitch Rate (Body) (radisec)
3 Upper Left RCS Throttle +X 14 Rate-Gyro # 3, YawRate (Body) (rad/sec)
4 Upper Left RCS Throttle +Y Momentum
5 Lower Right RCS Throttie +X 15 Gyro # 4, Roll Attitude (B ody) (radians)
6 Lower Right RCS Throttle -Y 16 Gyro# 5, Pitch Attitude (Body) (radians)
7 Lower Left RCS Throttle +X 17 Gyro# 6, Yaw Attitude (Body) (radians)
& Lower Left RCS Throtitle +Y
. _ . 18 Accelerom # 1, (along X), (ft'sec*2) Translat. Accelerat
9 Double Gimbal CM5 Torque in the X-axis (ftdb) 19  Accelerom # 2, (along Z), (f'sec”2) Translat. Accelerat
10 Double Gimbal CMG Torque in the Y-axis (ft-Ib) 20 Accelerom # 3, (along X), (ft'sec”2) Translat. Accelerat
11 Double Gimbal CMG Torque in the Z-axis (ft-Ib) 21 Accelerom # 4, (along Z), (ft'sec*2) Translat. Accelerat.
12 External Torque Input 1 (ft-Ib), direct: 22 Double Gimbal CMG Momentum Change in X-axis (ftdb-sec)
13 External Torque Input 2 (ft-Ib), direct: 23 Double Gimbal CMG Momentum Change in Y-axis (ft1b-sec)
14 External Torque Input 3 (ft-b), direct: 24 Double Gimbal CMG Momentum Change in Z-axis (ftdb-sec)

15  Ext Torque Direct.={0.197, -0.5964, 0.7782)

Figure 4.3.2 Space-Station Linear Dynamic Model Subsystem that includes Flexibility

The Matlab file “pl2.m” plots the simulation results which are shown in Figure 4.3.3 and they are
similar to the non-linear simulatin results obtained in Figure 3.4.2. The non-linear closed-loop
simulation model in Simulink file “Sim_NonLin-TEA.mdI” is also included in this folder for
comparison, where the spacecraft dynamics is implemented in Matlab file “Rigbod-Dynam-LVLH.m”
using the non-linear rigid-body equations, as described in Section 2. Some simulation results from the
non-linear rigid-body model are also included for comparison in Figure 4.3.4, and they are pretty close
to the linear results. Structural flexibility is also visible in the accelerometers.

109



Space Station TEA Seeking Mode
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Figure 4.3.3 Space Station LVLH Attitude and Rates during the Momentum Management TEA-Seeking
Mode Converging to the TEA under the influence of the Environmental Torques

The pitch and yaw attitudes converge to 6.2 and 3 degrees respectively in order to produce gravity
gradient torques that will balance the aero moments. The LVLH rates, the CMG torques, and CMG
momentum oscillate at orbital rate about a zero mean. The roll body rate is slightly negative because
yaw LVLH attitude is 3°.
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Space Station Simulation TEA-Converge Mode, Response to Aero Disturb
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Figure 4.3.4 Simulation Results Obtained from the Non-Linear Simulation Model “Sim_NonLin_TEA.mdI”, are
Included here for Comparison
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4.4 Stability Analysis of the TEA-Converging Mode

Figure 4.4.1 shows the Simulink model “Open_Lin_TEA_ Flex.mdI”” used for calculating the open-loop
frequency response of the TEA-Converging Momentum Control mode and analyzing its stability. The
spacecraft dynamics block is similar to Fig. 4.3.1 and it includes the flexible spacecraft state-space
system “Space Station with RCS and a Double-Gimbal CMG Array” that is loaded into Matlab from
file “vehicle_flex34.m” by the initialization file “start.m”. It includes also the state feedback controller
which is loaded from a matrix Kpgr.mat. The orange block is the disturbance attenuation filter that was
already described. The CMG servo gimbal dynamics block is modelled by 2™ order transfer functions
of bandwidth equal to 2 (rad/sec), and it is included in the spacecraft block shown in Figure 4.3.2.
Figure 4.4.1 is set for roll axis stability analysis and it must be modified to analyze pitch and yaw.

_ Roll Loop Opened 1
" Pirch & Yaw Closed out

@ ">

Kpgr
CMG Control Torque
K*u
State-Feedback
Matrix Kpgr
vehicle_flex34.m
-l
——p Tem g att-lv
At State
Vector
Flexible Spacecraft 1
Model from Flixan =
al
—pthe
Disturbance a2
Filter

Figure 4.4.1 Model “Open_Lin_TEA_Flex.mdl ” used for TEA Stability Analysis

The file "freq.m" linearizes this open-loop model, calculates the frequency responses and plots the
Bode, Nichols or Nyquist diagrams for roll, pitch, and yaw axes, shown in Figure 4.4.3. Amazingly the
results are almost identical to the results obtained from the flex analysis in Section 3.1. The stability
margins are plentiful since the attitude control system bandwidth is very low in this mode of operation.
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Pitch Axis Open-Loop Frequ Response
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Yaw Axis Open-Loop Frequ Response
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4.4.1 Accelerometer Sensitivity to Crew Disturbances

When operating in the Momentum Management mode, it is also required to analyze the vehicle
sensitivity at the 4 accelerometers specified to disturbances occurring in the habitat module. We will
use the closed-loop Simulink model: “Accelerom_Sensitivity.mdl” shown in figure 4.4.4 to perform the
sensitivity analysis using Singular Values. The input is a vector of three torques about x, y, and z axes.
That is, input numbers: 12, 13, and 14 in the vehicle system. They are defined as external input torques
at the central habitat module which is node #9007 in the finite elements model. The output is a vector
of four accelerometers. Two accelerometers at the end of the right solar array boom (node #6070)
measuring in the x and z directions, and two accelerometers at the end of the left solar array boom
(node #5070) measuring also in the x and z directions. The sensitivity at the accelerometers to crew
disturbances is analyzed using Singular Values frequency response (sigma) plots. The Matlab file
“freq.m” calculates and plots the sigma response from this Simulink model and it is shown in Figure
4.4.5,

Kpar State-Feedback

CMG Control Torque Matrix Kpqr
K*u

Flexible Spacecraft
Model from Flixan

U= [

—p{ Ttmg

att-I

Hermg State

Vector
®—> Crew-Dist Int3
Crew-Disturb 4 accel —b@ /s

Torgues (3) Accale.

vehicle_flex34.m  ™©m(4)

al

This model analyzes the system sensitivity )
at the four boom accelerometers due to

disturbance torques Td (x,v.z) coming from az
the crew compartment. The aero disturbances
are being ignored

the

Disturbance Filter

Figure 4.4.4 Simulink Model “Accelerom_Sensitivity.MdI”” used for Calculating Vehicle Sensitivity at the
Accelerometers due to Disturbances from the Habitat Module
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4.5 Combined CMG/ RCS Attitude Control Simulation

The Simulink model in Figure 4.5.1 is in file “Sim_Lin_CMG_RCS_Flex.MdI” in folder: “Large Space
Station\ (d) Mat Flex Lin (FVP)”. It is used to simulate the combined parallel operation of the CMG
and RCS control systems. It is similar to the models described in Sections 2.3 and 3.3, except that
instead of the non-linear Space Station dynamic model we are now using the Flixan derived state-space
system “Space Station with RCS and a Double-Gimbal CMG Array” which is loaded into the Matlab

workspace from file “vehicle_flex34.m”.
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The equations of motion of the vehicle state-space system are the same as Equations (4a-4c) but the
attitude and rates are transformed to the LVLH frame. The state vector the vehicle pitch rate is not
initialized at -wo but it is defined instead with respect to the LVLH frame and it is initialized to zero.

The bias torque is: @?[-41,, 3l,, I, ], which is introduced in the model as a constant

disturbance of amplitude 7.4015 (ft-1b) in the direction (0.196972, -0.596376, -0.778163). The
disturbance direction is defined in the vehicle input dataset and the magnitude of the bias is an input to
the Simulink model. The aerodynamic disturbances are introduced in the model as external torques in
the X, y, and z directions and they are defined in the vehicle input data. The rate-gyro measurements
(outputs #12, #13, #14) are measuring body rates and they include flexibility. They must be converted
to LVLH rates by a transformation CBL. The Matlab file “start.m” loads the vehicle state-space system
and other parameters into the Matlab workspace.

The CMG attitude control system is shown in Figure 3.3.2. It consists of simple PD gains designed for
a bandwidth 20 times the orbital rate which is 0.022 (radians/sec). It includes a switching logic that
disables the CMG control when the torque demand is large because the CMGs have torque limitations.
The logic turns the CMG system on when the magnitudes of rate and attitude errors become
sufficiently small.

The RCS attitude control system is shown in figure 4.5.2. It uses phase-plane and jet selection logic
that determines the thruster firing based on the rate and attitude errors. The jet thrust outputs are
converted into throttles by dividing them with the jet thrust because the vehicle model is expecting
throttle inputs between 0 and +1, rather than actual thrusts. The 12 jet output vector is also adjusted to
match the vehicle throttle inputs. The vehicle model was defined to have 8 throttling engines instead of
the actual number 12 because four pairs of jets are defined to fire in both: +x and in—x directions, so
they are represented in the vehicle model with 4 single thrusters instead of 8, capable of thrusting in
both £x directions. The m-file “Pl.m” is used to plot the simulation data.

Phase-Plane Logic with Jet Selection

Interpreted
ATLAE Ferl

Phase Plane

12 Scaled
Jet Forces
(0-1)

atter rotat

direct

Rate and
Attitude Errors

8 Jet
Throttles

Fuel Counter 1/Thrust

Tfueld fuel

Figure 4.5.2 Phase-Plane and Jet Selection Logic

120



Flex Space Station Parallel CMG/RCS Operation, 20 deg cmd direct:(1,-1,-1)
15 T T T T T T T T T

Euler Angles LVLH (deg)

LVLH Rates (deg/s)

)
N

0.1

e
o
5

Accelerom (feet/szl

o
o
(53]

Time (min)

Figure 4.5.3 Combined RCS/CMG, 20° Attitude Control Maneuver

Figure 4.5.3 shows the system response to a 20° attitude command in direction (1, -1, -1). The pitch
attitude responds faster because it receives an initial boost from the CMG system before the CMG is
turned off. The RCS responds fast and the attitude reaches the commanded value in 8 min but the RCS
activity stops and the CMGs regain control 28 min later when the errors are very small. The RCS
system excites structural vibrations but they decay and do not produce limit-cycles, as predicted by the
non-linear analysis. At steady state the CMG control system maintains smooth attitude control, avoids
structural excitations, and the attitude errors are very small.
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Flex Space Station Parallel CMG/RCS Operation, 20 deg cmd direct:(1,-1,-1)
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Figure 4.5.4 CMG Torque and Momentum Activity during the Maneuver

The CMG torque is turned off during RCS control. The CMG control system requires a steady CMG
torque in order to maintain the desired attitude in the presence of external disturbances. This causes a
divergence in the CMG momentum that will eventually saturate due to hardware limitations. This
justifies the necessity of the TEA-converging mode that prevents the CMG momentum from saturating
and was described in Section 4.3. Figure 4.5.5 shows the RCS thrusters activity. They stop firing
during CMG control. Notice that the 4 x-thrusters are defined as bidirectional, each representing a pair
of back-to-back firing jets.
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4.6 Stability Analysis of the CMG / PD Attitude Control System

Stability analysis of the CMG attitude control system in the PD mode is performed using the Simulink
model “Open_Loop_CMG.mdlI”, shown below. The frequency response for each axis is calculated
separately by opening one loop at a time while
the other two loops are closed. In this case it is set
up for pitch axis analysis. The Matlab file ot in

“freq.m” loads the vehicle and ACS parameters ' @
and calculates the frequency responses. It
linearizes the system, calculates the state-space " .
system from a single input to a single output, and ol Temg
plots the Nichols charts. The stability analysis —»jater att-lv
plots for the roll, pitch, and yaw axes are shown SR Stat Space

in Figure 4.6.1. The results are identical to those Flex Model

obtained in Section 3. Atttude-LVLH

LVLH rates

Roll Axis CMG PD Control Stability

Michiols Chart

Open-Loop Gain (dE)

1 1 1
-22s -180 -135 -90 -45 ul
Open-Loop Phase (deg)

Figure 4.6.1 Stability Analysis Results for the CMG Attitude Control System in the PD Mode using the Simulink
model “Open_Loop_CMG.mdI”
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4.7 Stability Analysis of the RCS/ ACS using the Describing Function Method

In Section 3.2 we described the methodology of applying the Describing Function method to analyze
the reaction control system stability and the potential for limit cycling as a result of the interaction
between the control system and the structural modes. The linear and the non-linear parts of the control
loop are separated into two SISO subsystems. The phase-plane logic is simplified to a dead-band non-
linearity that has a DF equal to N(e) where the input (e) is a linear combination of rate plus attitude
error in a specific direction, that is, either: roll, pitch, yaw, plus many other skewed directions, as
shown in Figure 4.7.1.

Each direction is analyzed separately and the control direction is defined by a unit vector. The output
of the dead-band non-linearity is input to the jet-select logic that excites the linear SISO system G(S) in
the specified direction. The system G(s) which includes rigid dynamics and flexibility is constrained to
rotate in a single direction defined by the input vector. The jet select logic is implemented in function
“JSel_In.m”. It is a linearized version of the logic used in simulations “Jet_Select_dot.m” that selects
jets for a specified rotational direction. The linear logic selects the jets contributing positive
accelerations in the selected direction, and also the jets contributing in the opposite direction, but
negative thrusts are applied to the jets contributing in the reverse direction. The thrusts are halved in
order to produce the same acceleration as if only the positive contributing jets were firing. This creates
a more symmetrical system for linear analysis. The output of G(s) is a linear combination of attitude
plus rate error which is a vector. This output is resolved (dotted) in the specified direction to produce a
scalar output which represents the vehicle response in the specified rotational axis. So the system G(s)
is only excited in the specified direction and its response is only measured in the same direction. It is a
SISO system and we can, therefore, apply the Describing Function method to analyze for limit-cycles.
In addition, the G(s) plant is scaled by multiplying it with the maximum value of N(e). This makes it
more convenient when analyzing stability in Matlab using Nichols or Nyquist plots because the (+)
sign now represents the minimum point of the -1/N(e) locus and makes it easier to measure the
margins.

This method allows us to use the same Simulink model of Fig. 4.7.1 to analyze all directions, including
skewed axes. All linear dynamics of the control loop are included in the system G(s) where we can use
it to apply the DF method. G(s) is implemented in a Simulink file “Open_Loop_RCS.mdI” and used to
calculate Nichols plots. It includes the Flixan derived state-space system “Space Station with RCS and
a Double-Gimbal CMG Array” which is loaded into Matlab from file “vehicle_flex34.m”. Limit cycles
would occur when the DF locus -1/N(e) of the dead-zone non-linearity which approximates the phase-
plane, intersects the plant frequency response G(jo) in a Nichols or a Nyquist plot. The intersection
point(s) on the G(jw) locus predict the frequency of oscillation(s) when the control loop is closed. The
same intersections on the -1/N(e) locus would predict the amplitude of the limit-cycles. Bending filters
have been included on the rate signals to attenuate any potentially unstable structural resonances of the
G(jo) frequency response. They are located in the vehicle dynamics block.

Figures 4.7.2 show the DF analysis results in roll, pitch, and yaw. However, there are infinite skewed
directions to be analyzed for limit-cycle stability by specifying a different rotational direction in figure
4.7.1. This is because there is a unique set of jets involved for each direction that may drive the system
at different amplitudes and excite different structural modes. The results are identical to the results
obtained in section 3.2.
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Describing Function Analysis for the Pitch Axis
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