Space Shuttle Ascent, First Stage

In this example we are modeling the Space Shuttle vehicle during first stage and analyzing the flight
control system stability and performance at maximum dynamic pressure. During first stage the Shuttle
propulsion system consists of three Space Shuttle main engines, (SSME) and two solid rocket boosters,
(SRB). The vehicle attitude and direction are controlled by gimbaling the five engines in pitch and
yaw. The vehicle attitude, rate, and acceleration are measured by an IMU, rate gyros, and
accelerometer sensors which are located at the top section of the SRBs. Roll attitude and rate are
measured by sensors located in the orbiter vehicle. Inside the orange external tank (ET) there are two
large tanks containing the liquid oxygen (LOX) in the front section, and a liquid hydrogen (LH2) in the
aft section of the ET. During Max-Q the tanks are partially filled and propellant sloshing is a potential
problem. If not properly controlled it may destabilize the vehicle and produce oscillatory disturbance
forces. The aero surfaces are not used during ascent but they are scheduled open-loop to minimize
loading on the aerosurface actuators. Structural flexibility is excited by the gimbaling engines. It is
significant and is included in the analysis. Aero-elasticity, however, is not as significant during ascent
and it was not included in this analysis, but it is included in the entry analysis.

The analysis is separated in three sections. In the first section we develop the pitch vehicle model and
include 18 symmetric (pitch) structural modes. Fuel sloshing dynamics is also included (along z) for
the two tanks which excite the vehicle in the pitch direction. The pitch Shuttle model is then
discretized and combined with the digital flight control system to create control analysis models in the
z-domain and the models are used to evaluate the control system stability and performance using
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Matlab/ Simulink. In the second section we develop dynamic models that include both pitch and lateral
dynamics. In addition, 29 flex modes are also included in the dynamic model which are both
symmetric (pitch) and anti-symmetric (roll/ yaw). The sloshing of the two propellant tanks is also
included in the dynamic model. It is represented by two masses oscillating in two directions
perpendicular to the vehicle acceleration vector. The spring-mass analogy is used where the slosh
masses are oscillating about the center of the tank, along the y and z directions. The analysis consists
of stability analysis in the frequency domain to determine the phase and gain margins, sensitivity to
wind gusts, and also time domain simulations of the vehicle in response to attitude commands from
guidance and also responses to wind gusts. In the third section we shall redesign the Shuttle Ascent
flight control system at Max-Q and attempt to improve the vehicle sensitivity to wind-gust
disturbances. The original classical control design demonstrated poor wind-gust sensitivity
performance with an undesirable resonance in the range of the disturbance frequencies. We will use the
H-infinity method because it has the capability to reduce the vehicle sensitivity to disturbances.

The data files for this analysis are located in directory "C:\Flixan\Examples\Shuttle Ascent”. This
directory contains the files used for creating the Shuttle vehicle models and for analyzing its
performance in Matlab. There are three subfolders corresponding to the three sections. “Pitch
Analysis”, and “Coupled Vehicle” where the pitch and lateral stability analysis and simulations are
performed using Matlab and Simulink. The folders contain structural flexibility data files (*.Mod,
*.Nod), vehicle input data (*.Inp), and system files (*.Qdr). The third subdirectory is "Hinfinity
Design™ which corresponds to Section 3.

1.0 Pitch Axis Vehicle Modeling and Analysis

In the first part of the analysis we generate the pitch Shuttle model. We will use the flight vehicle
modeling program to generate the vehicle state-space models using the vehicle parameters during max-
Q which are already saved in the input file “Stgl_MaxQ-Ptch.Inp”. The vehicle parameters during
max-Q are obtained from six-dof simulations. Two pitch state-space systems are created for this
analysis: a simple rigid-body, and a high order system that includes slosh and bending. The titles of
two system generated by the modeling program are: “Shuttle Ascent, Max_Q, T=55 sec (Rigid Body)”
and “Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD”. The second system
contains 18 symmetric structural modes that have already been selected from the modal data file
"Shuttle_ MXQ.Mod". The set of the 18 selected symmetric modes are also included in the input data
file and the title of the set is “Shuttle Ascent, Max_Q, T=55 sec, Rigid Body with Slosh/ TWD, Pitch
Modes”. The input file is processed by Flixan and the state-space systems used in pitch analysis are
saved in the systems file “Stgl _MaxQ_Ptch.Qdr”. The Shuttle state-space systems created by the
vehicle modeling program include both pitch and lateral dynamics. The pitch flexible system is
extracted from the coupled system using the systems extraction and modification utility. The reduced
system title is “Shuttle Ascent, Max_Q, T=55 sec, Flex Pitch Vehicle with Slosh and TWD”. But before
we get to the analysis let us describe how the modes were selected from the modal data file.



1.1 Pitch Mode Selection

The file that contains the finite element structural modes is “Shuttle_MXQ.Mod”. It is a Nastran output
that contains the mode shapes and slopes for 95 modes, at 14 vehicle location (also known as nodes).
This file is extracted from a big finite element model (FEM) file that includes several hundred modes
and many vehicle locations. It is more manageable because it includes fewer modes (only the first 95
modes) and fewer locations (only 14 relevant to control analysis) and it is formatted to be recognizable
and readable by the mode selection program. An intermediate program was used (not shown here) to
convert the huge Nastran output to this smaller file. This modal data file contains frames of data at
each mode frequency. Each frame consists of the mode frequency in (rad/sec), the modal damping
coefficient () which are all set to £=0.005, the generalized mass (all set to 10,000 in this case),
followed by the mode shapes and slopes at the 14 vehicle locations (3 translations X, y, z, and 3
rotations about X, y, z). The locations which are important for flight control analysis are the engine
gimbals, the sensors, and the slosh mass locations. The vehicle locations (nodes) are defined in a
separate file “Shuttle_Stgl.Nod”, known as the map. This file contains a description for each node, the
node numbers (in this case 1 to 14), a node identification number (that is the node number used in
Nastran), and the node location in vehicle coordinates (which is only for reference and not used by the
program).

The mode selection is a Flixan process by which we select an even smaller number of modes (18
dominant modes in this case) to be combined with the rigid vehicle model. The mode shapes are also
scaled during this process in order to be compatible with the rigid-body model. The flex mode
selection program is under the “Flight Vehicle/ Spacecraft Modeling” group, as shown below. It begins
with a small filenames selection menu where the user selects the modal data file, the nodes file, the
flight vehicle input data file, and an output filename (Modsel.Msl by default) that shows the relative
mode strength at the completion of the mode selection, see below. The modal data input filenames
must have an extension (Mod). The node filenames must have an extension (Nod), the vehicle input
data filenames (Inp), and the mode selection output filenames extension is (Msl).
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After selecting the filenames the next step is to locate the flight vehicle Made Comparison Output
input data set from file “Stgl_MaxQ_Ptch.Inp”. This input vehicle data will odsel Ms

be combined with the selected/ re-scaled modes to create the flex vehicle
state-space model. It is also used by the mode selection program because it
needs info regarding the engines, gyros, and accelerometers which are Cancel oK.
defined in that data. Select the second flight vehicle data title “Shuttle

Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD” and click the - ————
“Run Input Set” button.




| _

Select a Set of Input Data for "FLIGHT YEHICLE" from an Input File: Stgl_Maxl_Ptch.lnp Fun Irput Set

Shuttle Azcent, Max 0, T=55 sec [Rigid Eod Exit P

Shuttle Ascent, Max O, T=55 sec, Fle hicle with Slosh and T'D At Frogram
Create New

The mode strength comparison is performed between a selected set of excitation and sensor points. The
user must select those points via menus that display the nodes map. From the following menu the user
must define the number of excitation points and the number of sensors used for mode selection. These
points do not have to be the same and equal to the number of vehicle effectors and sensors. They are
only used for mode selection purposes. We must also define the range of mode selection in case we
want to limit the range (1 to 95 modes in this case). We must remember, however, to not select the first
6 modes because they are rigid body modes and only include structural modes in the flex model. We
also select the number of excitation forces (to be 5 in this case because we will use the 5 engine
gimbals as excitation points). There are zero torque excitation points. We will also select one rotational
sensor for the pitch gyro, and one translational sensor for the (Nz) accelerometer.
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We must also select the option to either select the modes manually from a bar plot that compares the
mode strengths or to allow the program to automatically select the strongest modes, in which case you
must enter the number of modes to be automatically selected. In this case we select 5 forces, one
translational sensor and one rotational sensor to be used in the mode selection process. The number of
modes to be selected does not apply in this case. The user may try different number of actuator and
sensor points to see how the mode selection results may change.



The following menu is used for unit conversions and axis transformation. This is because the units and
directions used in GN&C models are usually different from those used by typical FEM such as
Nastran. In a typical GN&C analysis model the x-axis in is forward (in the direction of the velocity
vector), and the z-axis is down towards the floor. The Nastran models, almost always, they point the x
axis aft toward the back of the vehicle and the z-axis up towards the ceiling of the airplane. The y-axis
is the same in both models. The modal mass from Nastran needs also to be scaled up by a factor of 12
because Nastran uses (snails) while GN&C uses (slugs). The modal rotations (slopes) also need to be
scaled up by a factor of 12 because in Nastran they are (rad/inch) and they need to be converted to
(rad/ft). The modal displacements do not require scaling because their units change from (inches/inch)
to (feet/foot). The conversion dialog below is used for scaling the modal data. It has the default
conversion parameters described but the scaling values, signs, and axes can be modified as needed to
make the modal data compatible with the vehicle input data.

Data Scaling Opticn l"“”"']

:I Do you want to Modify the Modal Data?

Yes | Mo

Modal Data Scaling Factors @

todal Data Scaling Factors

Generalized Mazs [Gm] Multiplication Factor 12.000
todal Dizplacement [phi] Multiplication Factor 1.0000
todal Slope [zigma) Multiplication Factor 12.000

b odify Coordinates from M astran Axes to Wehicle Axes
+# inWehicle Awes Coresponds bo: {44 in Shuctures Axis

+1" ih Yehicle Axez Comezponds bo; |+ in Stiuctures Axes

+2 inYehicle Axes Comezponds bo; |2 in Stiuctures Axes Ok

The next step is to identify the nodes for the 5 excitation points (which are the 5 engine gimbals), the
node for one gyro sensor, and the node for one accelerometer sensor. Remember, these locations are
only for mode selection purposes and they do not have to be the same as the actual locations of the
gimbals and the flight control sensors that will be defined later. We could have picked, for example, 2
gimbals and one sensor for mode selection. In this case, however, the mode selection is calculated
between the 5 excitation points and the 2 sensor points.

The nodes map, which is in file “Shuttle_Stgl.Nod” is shown in a dialog/menu and it helps the user
selecting the proper nodes and in identifying the excitation and sensor locations in the modal data file.
The program locates the mode shapes of the engine gimbals and sensor points from the modal data file,
and calculates the modal strength for each mode between the excitation and sensor points. For
example, in the following case the program needs to identify a node for the force excitation point #1,
and also the direction of force which is along +Z.
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| mode zelection, in order to calculate the relative mode strength of a number of modes in a specified direction pou must oK
define some node points in the Mastran model where the excitation forces or tarques will be applied and alzo the forcing

directions.

Sirmilarly, you must alzo define the senzor points [tranglations or rotations] and the sensing directions. Lancel
Select a Location {Node) for Force Excitation - 1 Az
LOX Slosh Mass 1 238 142_0 0.0 Along
LHZ 5losh Mass 3 2339 B&.0 0.0 Along-y
Shuttle Main I 2 2088 0.0 Fﬁ
Shuttle Main Engine £ 2 (left) 4 2254 17.0 -4_5

Shuttle Main Engine § 3 (right) 5 2091 17.0 4.5

Solid Rocket Booster £ 4 (left) L3 1387 0.0 -21.0

Solid Rocket Booster € 5 (right) i 387 0.0 21.0

IMU/ Rcecelerometer (right) 8 2333 10823 1.0 Direction
IMO/ Accelercmeter (left) =} 2323 108.3 -1.0

Aft Payload Gyro (a) 10 21748 -166.72 a.a %
Aft Payload Gyro (bl 11 2183 -166.72 a.a

Booster Gyro (right) 1z 372 -lee.72 0.0

Booster Gyro (left) 13 1372 -166.T72 a.a

Forward Payload Gyro 14 1502 0.0 0.0

The 5 excitation points are selected sequentially (one at a time) using the above menu with the force
direction in the positive Z direction in order to excite the symmetric modes. The force excitation point
#1 is the SSME Engine #1, node #3, Along Z, and in the positive direction, and click OK. The last

excitation point #5 is the SRB Engine #5, node #7, Along Z, +ve, and click OK.

The single gyro sensor #1 used for flight control feedback in this example is the right booster gyro,
node #12, in the positive pitch direction. Similarly, the single translation sensor #1 used for
accelerometer feedback is the right IMU/ Accelerometer, node #8, in the positive Z direction, and click

OK.
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| mode zelection, in order to calculate the relative mode strength of a number of modes in a specified direction vou 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, you must alzo define the zensor pointz [tranzlations or ratations] and the sensing directions. Cancel
Select a Location (Node) for Translation Sensor 1 Aoz
LOX Slosh Mass 1 238 14z _0 0.0 Blang-#
LHZ Slosh Mass z 239 B6.0 0.0 Along-v
Shuttle Mzin Engine £ 1 3 zoas 13.0 0.0 Fﬁ
Shuttle Main Engine £ Z (left) 4 2254 17.0 -4_5

Shuttle Main Engine £ 3 (right) 5 20591 17.0 4.5

S5o0lid Rocket Booster § 4 (left) ] 1387 0.0 -21.0

S5o0lid Rocket Booster § 5 (right) 7 3a7 0.0 21.0

IMU/ Recelerometer {(right) 3 1.0 Direction
IMO/ Accelerometer (left) 5 2323 108.3 -1.0

Aft Payload Gyro (a) 1d 2175 -166.72 a.a %
Aft Payload Gyro (k) 11 2133 -1lae.72 a.a

Booster Gyro (right) 12 372 -lea.72 0.0

Booster Gyro (left) 13 1372 -lea.72 0.0

Forward Payload Gyro 14 1502 a.a a.a
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Table of Vehicle Structure FEM Nodes

In mode zelection, in order to calculate the relative mode strength of a number of modes in a specified direction you must oK
define some node points in the Mastran model where the excitation forces or torques will be applied and alzo the forcing
directions.
Sirnilarly, you muzt alzo define the sensor pointz [translations or rotations] and the zenzing directions. Lancel
Select a Location (Node) for Rotational Sensor: 1 Az
LOX Slosh Mass 1 238 142_0 0.0 Ral
LHZ 5S5losh Mass 2 2359 g8e.0 a.a
Shuttle Main Engine £ 1 3 2088 13.0 a.a ' aw
Shuttle Main Engine £ Z (left) 4 2254 17.0 -4 .5
Shuttle Main Engine § 3 (right) 5 2051 17.0 4.5
S5oclid Rocket Booster £ 4 (left) & 1367 a.a -21.0
So0lid Rocket Booster £ 5 (right) 7 367 a.a 21.0 ) )
IMU/ RAccelerometer (right) B 2322 108.3 1.0 Direction
IMO/ Accelercmeter (left) =) 2323 108.3 =-1.0
Aft Payload Gyro (a) 10 21759 -1l66_T2 0.0 %
Aft Payload Gyro (b) 11 2183 -166.72 a.a
Booster Eyro (right) 12 372 -le6.72 o.0
Booster Gyro (left) 13 1372 -166.72 a.a
Forward Payload Gyro 14 1502 0.0 0.0

At this point we have identified all the excitation and sensor points and directions for the mode
comparison and mode selection process which is mainly in the pitch direction. The modal strength for
each mode is determined by the values of the mode shapes at the nodes where the forces are being
applied in the force direction, and also by the values of the mode shapes at the sensors in the directions
measured. High mode shape values at the excitation and sensor points imply strong contribution from
that mode. 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 selection process, however, is not finished yet because the program needs additional information
before allowing the user to select which modes to retain from the modal data file. The mode selection
program will create a much smaller subset of the original modal data set and it will save it in the input
data file “Stg1l-MaxQ-Ptch.Inp” under a separate title. The selected modal data set will contain only the
selected few dominant modes and modal shapes at only a few locations that play an important role in
the flight vehicle model such as the engine gimbals, the sensors, a disturbance point, and the slosh
mass locations. The important vehicle locations (gimbals, sensors, etc) are identified automatically by
the mode selection program from the vehicle input data. These locations are matched with the
corresponding nodes in the nodes map. The mapping between structural nodes and the vehicle
locations in the input data is performed by the user using menus similar to the previous location
selection menus but this time it is for a different purpose. The program expects the user to identify
nodes for the 5 engines, the 3 gyros (roll, pitch, and yaw), the 2 accelerometers (Ny and Nz), the 2
slosh masses (LOX and LH2), and one disturbance point (not used).



p
“ Tahle of Vehicle Structure FEM Nodes [

ou mugt how identify some paints on the finite element model that corespont to the important locations on the vehicle [az
gpecified in the vehicle data] where the forces are being applied and the mation iz being sensed. Such az TWC gimbalz, gyros,
etc.

Select a Location {Node) for Thruster Engine : 2 k. I
LO¥ S5losh Mass 1 238 142.0 a.a -0
LHZ S5losh Mass z 235 g8&8.0 a.a -0
Shuttle Main Engine § 1 3 2088 15_.0 a.a -3
Shuttle Main Z (left) 4 5 .
Shuttle Main Engine # 2 (right) 5 2091 17.0 4.5 -2
Solid Bocket Booster § 4 (left) & 13867 a.0 -Z21.0 a
S5o0lid Bocket Booster £ 5 (right) 7 387 a.a 21.0 a
IMU/ Accelerometer (right) g 2322 108.3 1.0 -2
IMU/ Accelerometer (left) 5 2323 108.3 -1.0 -2
Lft Payload Gyro (a) 10d 2175 -les.72 0.0 -0
Aft Payload Gyro (b) 11 2183 -1e6.72 a.a -0
Booster Gyro (right) 1z 372 -lea.72 a.a -0
Booster Gyro (left) 13 1372 -lea.7TZ a.a -0
Forward Payload Gyro 14 1502 a.a a.a a

.
“ Table of Vehicle Structure FEM Nodes -

au must now identify zome points an the finite element model that comespont ta the important locations on the vehicle [as
zpecified in the vehicle data] where the forces are being applied and the motion iz being sensed. Such as TVC gimbals, gyros,
etc.

Select a Location {Mode) for Thruster Engine : b ok, I
Lo¥ S5losh Mass 1 238 142 .0 a.a -0
LHZ 5losh Mass 2 2359 g8e_0 a.a -0
Shuttle Main Engine £ 1 3 2088 15.0 a.a -3
Shuttle Main Engine £ 2 (left) 4 Z2Z54 17.0 -4.5 -2
Shuttle Main Engine £ 2 (right) 5 2091 17.0 4.5 -2
Solid Bocket Booster § 4 (left) =] 13a7 a.a -Z1.0 a
Solid EBocket Booster § 7 21.0

IMUO/ Accelerometer (right) =] 2322 108.3 1.0 -2
IMU/ Accelerometer (left) 5 2323 108.3 -1.0 -2
Aft Payload Gyro (a) 140 2174 -lea.72 0.0 -0
Lft Payload Gyro (b) 11 2183 -lea.7TZ 0.0 -0
Booster Gyro (right) 1z 372 -lec.TZ a.a -0
Booster Gyro (left) 13 1372 -1e6.72 a.a -0
Forward Payload Gyro 14 1502 a.a a.a a

Notice, that each sensor in the flight vehicle input data measures only one direction. If you want a
measurement in 3 axes you must define 3 separate sensors. For the three (roll, pitch, yaw) gyros we
must select node #12 three times, and for the two (Ny and Nz) accelerometers we select node #8 twice.
We also choose nodes #1 and #2 for the LOX and the LH2 slosh masses respectively, and one
disturbance point that we are not using in this example.
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“ Table of Vehicle Structure FEM Nodes |

ou muzst now identify zome paints on the finite element model that correspont 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 TYC agimbals, gyros,

etc.

Select a Location (Node) for GyrofRate Sensor: 1 oK I
LO¥ 5losh Mass 1 238 142.0 a.a -0
LHZ 5losh Mass Z 2359 Be.0 a.a -0
Shuttle Main Engine # 1 3 2088 15.0 a.a -3
Shuttle Main Engine £ Z (left) 4 ZZ54 17.0 -4_.5 -z
Shuttle Main Engine £ 2 (right) 5 2051 17.0 4.5 -z
So0lid Bocket Booster § 4 (left) & 1367 a.a -Z1.0 a
So0lid Bocket Booster § 5 (right) 7 367 a.a Z1.0 a
IMO/ Accelerometer (right) =] 2322 108.3 1.0 -2
IMO/ Rccelerometer (left) =] 2323 108.3 -1.0 -2
Aft Payload Gyro (a) 1a 2175 -16&6.72 a.a -0
Aft Payload Gyro (Bb) 11 2183 -166_72 a_a -0
Booster Gyro {(right) a._0

Booster Gyro (left) 13 1372 -166.72 a.a -0
Forward Pavyload Gvro 14 1502 a.0 a.a a

-
. Table of Vehicle Structure FEM Nodes [

ou muzt how identify zome points on the finite elerment model that corespont to the important locations on the vehicle [az
zpecified in the vehicle data] where the forces are being applied and the maotion is being zensed. Such az TVC gimbals, gyrosz.

et

Select a Location (Node) for Accelerometer - 1 | 4 I
LO¥ Slosh Mass 1 238 142._.0 a.a -0
LHZ Slosh Mass 2 233 ge.0 a.a -0
Shuttle Main Engine £ 1 3 2088 15.0 0.0 —3
Shuttle Main Engine £ Z (left) 4 ZZ54 17.0 -4_5 -z
Shuttle Main Engine § 3 (right) 5 2031 17.0 4.5 -2
Soclid Bocket Booster 4 (left) 4] 13a7 a.a -21.0 a
S5o0lid Bocket Booster § 5 (right) 7 =1 a_.0 21.0 a
IMO/ Rccelerocmeter (right) a 2322 1.0 2
IMUO/ Accelerometer (left) = 2323 108.3 -1.0 -2
Aft Payload Gyro (a) 10 2175 -186_.7Z a.a -0
Lft Payload Gyro (b) 11 b = -16&6.7Z a.a -0
Booster Gyro (right) 12 372 -lea.72 0.0 =0
Booster Gyro (left) 13 1372 -166_.72Z a.a -0
Forward Payload Gyro 14 1502 a.a a.a a

-
. Tahle of Vehicle Structure FEM Nodes -

ou muzt how identify zome points on the finite elerment maodel that corespont to the impartant locations on the vehicle [az
gpecified in the vehicle data) where the forces are being applied and the motion iz being genzed. Such az TVC gimbals, geros,
etc.

Select a Location (Node) for Slosh Mass Locat.: 1 | 4 I
LO¥ S5losh Mass 1 2 .0

LHZ S5losh Mass Z 2358 Be.0 0.0 =0
Shuttle Main Engine § 1 3 2088 1.0 a.a —3
Shuttle Main Engine £ Z (left) 4 ZZ54 17.0 -4_.5 -z
Shuttle Main Engine § 3 (right) 5 2091 17.0 4.5 -2
So0lid Rocket Booster £ 4 (left) L3 13&7 0.0 —-21.0 a
S5o0lid Bocket Booster § 5 (right) i 3&7 a.0 21.0 a
IMO/ Accelerometer (right) g8 Z3ZZ 108.3 1.0 -z
IMO/ Rccelerometer (left) a 2323 108.3 -1.0 -2
Aft Payload Gyro (&) 10 21789 —lee_.7T2 a.a —a
Aft Payload Gyro (b)) 11 2183 -l8a8_.7Z2 a.a i
Booster Gyro (right) 12 372 -166.7Z a.a =0
Booster Gyro (left) 13 1372 -166_.72Z a.a -0
Forward Payload Gyro 14 1502 a.a a.a a



The user must also enter a short
label to be included in the title of
the selected modes set. For
example, to identify the type of
modes.

Inzert a Short Dezcription to the Title [10 char) ok

Fitch Modes

At this point a bar chart comes up used for selecting the dominant modes. It is showing the modal strengths
by means of vertical red bars. 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 a physical
number but it is measured relative to the weakest mode. The user manually selects some of the strongest
modes by pointing the mouse cursor at the bar and clicking the mouse. The modes change color from red to
green when they are selected. Notice, that the first six modes, although strong, they were not selected
because they are rigid-body modes. The rigid-body dynamics are already included in the vehicle model. We

select 18 flex modes and press the "enter" button to complete the mode selection.
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The final step before exiting the mode selection is to type-in some additional reference notes regarding the
mode selection process by using a dialog. The notes describe, for example, information regarding what
kind of modes were selected and the conditions of mode selection, the excitation and measurement points,
directions, etc. This information will be included as comments below the title in the selected modes set,
which is saved in the input data file “Stgl_MaxQ_Ptch.Inp”. The title of the selected modes set is “Shuttle
Ascent, Max_Q, T=55 sec, Rigid Body with Slosh/TWD, Pitch Modes”. It contains the frequencies and
mode shapes of the selected pitch modes at vehicle locations that correspond to the locations defined in the
vehicle data. The title of the selected modes set must also be included at the bottom of the flexible vehicle
input data set (below the number of flex modes). This is how the flight vehicle modeling program will
associate the flex modes with the vehicle input data.
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1.2 Creating the Pitch Vehicle Model

The Shuttle vehicle input data are already saved in the input data file “Stgl_MaxQ_Ptch.Inp”, so we
don’t have to type-in the data in Flixan from scratch using the utility dialogs. If you look inside this
file, there are two sets of flight vehicle data. The first set is for building a simple rigid-body model
using the title: *“Shuttle Ascent, Max_Q, T=>55 sec (Rigid Body)”’, and a second set is for a high order
vehicle model that includes slosh and structural bending using the title: ““Shuttle Ascent, Max_Q, T=55
sec, Flex Vehicle with Slosh and TWD™. The Shuttle state-space systems are generated from the
vehicle input data by running the flight vehicle state-space modeling program from the Flixan main
menu, as shown below.

e ——————————
“u Flixan, Flight Vehicle Modeling & Control System Analysis_

File Edit | Analysis Tools | View Quad Help
Flight Vehicle/5Spacecraft Modeling Tocls [
Frequency Control Analysis J

Flight Vehicle, State-5pace

Actuator State-Space Models
Flex Spacecraft (Modal Data)
Create Mixing Logic/ TVC

Reobust Control Synthesis Tocls »

Creating and Medifying Linear Systems

Trim/ Static Perform Analysis
Flex Mode Selection

=% 3 .

From the filenames selection menu you must select the input data file “Stgl_MaxQ_Ptch.Inp”, and the
systems filename “Stgl_MaxQ_Ptch.Qdr” where the state-space systems will be saved by the program.
The program will scan the input data file and locate the two data sets containing flight vehicle data. It
will then open another menu, shown below, where the user selects one of the flight vehicle titles. In
this case we select the second title which includes flexibility and slosh, and click on “Run Input Set” to

process the data.

Enter a File Mame containing Enter a File Mame containing
the Input Data (. 1np] the Cuadruple Data [Hxs. G dr]
Stgl_Maxl_Ptch.inp Skl Mawll Ptch.Od

Sk

Stgl Maxl Latrlnp
Stgl_Maxl_Plchlnp

1 baxf Latr.Gdr

Stgl _Maxll Prch.Gdr
MHewFile.np fewaFile. Cdr

| Create Mew [nput Set | |E:-:it F'ru:ugraml | Select Files |

Find a 5et of Inputs

|Se|eu:t a Set af Input Data for "FLIGHT YEHICLE" from an Input File: Stgl_Maxd_Ptch.inp Rur Input Set

Shuttle Azcent, Maw 0, T=55 zec [Higid Bod Exit Pragram

Shuttle Azcent, Maxw 0, T=55 zec, Flex Wehicle with Slozh and T'wD

Create Mew
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- 5

Flight Vehicle Parameters

Yehicle System Title
Shuttle Ascent, Max_0Q. T=55 sec. Flex ¥ehicle with Slosh and TWD

Number of Yehicle Effectors Mumber of Sensors Modeling Options [Flags) Update Data | Fiun |

imbali i Dutput Rates in Turn Coordination ?
Cebdrp ot [ RO | G [T I e _Seenr
Rtating Control Sufaces. 0 [WITH WD Stability Awes “without Turm Coordif
VITHOLT TwD Acceleromet 2

Include Tailwags-LDog?
Feaction 0 A Weres ’T Aero-Elasticity Options aftitude dngles

Edit Input File | Esit |

Number of Modes

wheels? M tum Control D evi i

i Bels omentum Lontrol Uevices Include GAFD. H-param  |Euler &ngles Structure Bending 18
Single Include a 3-ares ’F . Intearals of Rates
Gimbal i Stabilized Double Extemal Meither Gafd nor Hpa LWLH Attitude Fuel Sloshing: 2
ChGs? Gimbal CMG System? ho Torques o e

Reaction Wheels ] Single Gimbal CMGs ] Double Gimbal CMG System ] Slewing Appendages ] Gyros ] Accelerometer | Aero Sensors] Fuel Sloshl Flex Modesl User Motes ]

tazs Properties ] Trajectory Data ] Gust! dero Paramet, ] Aero Force Coeffs ] Aero Moment Coeffs ] Control Surfaces  Gimbal Engines RCS ] External Torques ]
This Vehicle has 5 Thruster Engines  |[Engine No: 2 |Left SSME Engine/ Thruster Jet Defirition
Thust in [Ib) M aximum Deflections [deg) Mominal Position &nglez [deg)

Morminal Thrust 275000.0 Pitch, Delta_* max 10.00000 Azimuth, Delta_Zo 0.000000 EES;Q: Si'tlﬁf:;g;tl
Masimum Thrust | 2750000 | aw, Deks_Zmax | 10.00000 Elevation, Delta ‘Yo | -0000on 10 the vehicle X as

Engine Masz Properties Location of Engine Gimbal [feet) Girbaling or Thratting?
Engine Mass in(Slugs) [ 210.0000 W_gmbal | 17.00000 Is the Engine P Hewt Enaine
tdoment of Inertia about Gimbaling Mo

the Gimbal [shugt"2) 4032.000 r_gimbal -4.500000
oment Amn [f]. Engine ) Can it Yary its Yz
CG to Gimbal 3.000000 Z_gimbal -23.00000 Thrust like aJet?

The program continues by opening the above dialog from where the user is able to view the vehicle
input parameters, modify the data if necessary, and process the data. In this case we will not modify
the data. Press the “Run” button to process it. The Shuttle vehicle state-space system will be saved in
file “Stgl_MaxQ_Ptch.Qdr” under the same title as the input data. A similar model generation process
can be applied also for the rigid-body system. These systems, however, contain both, pitch and lateral
dynamics. The high order system also contains pitch and yaw sloshing in addition to pitch flexibility,
since only pitch modes were included. It is a good practice to truncate the extraneous lateral system
state-space variables since they are not needed for longitudinal analysis.

1.3 Extracting the Pitch State-Space Model from the Coupled System

Since in this case we are only analyzing the pitch axis we will, therefore, truncate the lateral state-
space model variables and extract only the pitch axis system. We would like to eliminate variables
such as yaw and roll attitude and rates, sloshing in the y direction, gimbaling in the yaw direction,
lateral acceleration, sideslip angle, etc, and retain only variables that relate in the longitudinal
directions. Flixan has a utility program created for this purpose and it is located in the “Creating and
Modifying Linear Systems” group. It will process a set of data that defines which state-variables will be
retained in the new pitch model. The remaining variables will be truncated. In order to run this system
modification utility from the Flixan main menu click on "Modifying and Extracting from a State-Space
System", as shown below.
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“u Flixan, Flight Vehicle Modeling & Control System Analysis
File Edit |Analysis Tools | View Quad Help

Flight Vehicle/Spacecraft Modeling Tools [ e —
Frequency Control Analysis » -

f - b *
Rebust Contrel Synthesis Tools L.

Creating and Medifying Linear Systerns

Creating a Mew Systern Graphically
Combining Various State-Space Systemns
Combining Transfer Functions to a System
Medifying and Extracting from 55 Systerns
Reducing State-Space Systems

Transformations from 5to £ and W

The first step is to select the two filenames, the input data and system files: “Stg1-MaxQ-Ptch.Inp” and
“Stgl-MaxQ-Ptch.Qdr” from the filename selection menu. An input data set for extracting the pitch
variables from the coupled system has already been created and saved in the input data file so we won't
have to enter the model extraction from scratch. The program locates the one and only system
modification data-set in file “Stg1-MaxQ-Ptch.Inp”, the user selects it and clicks on “Run Input Set” to

process it.

,

Enter a File Mame containing Enter a File Mame containing
the [nput Data (s Inp] the Quadruple Data [ Odr]

Stgl_Marid_Ptchlnp IS bl _Mawi_Prch.Odr

Skl Maxll Ptch.lnp Stal Maxl Ptch.Qdr
M ewFile lnp M ewFile. G dr

Create Mew Input Set I | Exit F"ru:ugraml | Select Files I

,
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Shuttle Azcent, Maq_[. T=55 zec, Flex Pitch Wehicle with Slash and TWD Exit Program
Create Mew




The system modification utility retains the pitch gimbal deflection inputs, the pitch attitude and rate,
and angle of attack states, the slosh states in the z direction, and all the flex modes because they are all
symmetric and dominant in pitch. The same logic is used for the system outputs by selecting the pitch
rate gyro and normal (Nz) accelerometer. The extracted state-space system is: “Shuttle Ascent, Max_Q,
T=55 sec, Flex Pitch Vehicle with Slosh and TWD” and it is saved in the systems file “Stgl-MaxQ-
Ptch.Qdr”. This system must be combined with the actuators and the flight control system to perform
the pitch analysis.

1.4 Modeling the Actuators and Flight Control System

The input data file contains also two actuator data-sets which are processed by Flixan to generate
actuator models and they are saved in the state-space systems file “Stgl_MaxQ_Ptch.Qdr”. The two
actuator state-space subsystems correspond to the Shuttle main engine (SSME) and the solid rocket
booster (SRB) actuators. They are both hydraulic types and their models are documented in the
actuator modeling section of the Flixan program. They are processed by the Flixan actuator state-space
modeling program as shown below. The user selects the title of the actuator data-set and the actuator
program generates the actuator dynamic model.

-~ -_—
“u Flixan, Flight Vehicle Modeling & Control System Analysis

File Edit | Analysis Tools | View Quad Help
Flight Vehicle/Spacecraft Modeling Tocls [

Flight Vehicle, State-Space

Actuator State-Space Models
Flex Spacecraft (Modal Data)
Create Mixing Logic/ TVC
Trirn/ Static Perform Analysis

Frequency Control Analysis r

Reobust Control Synthesis Tools *

Creating and Modifying Linear Systems

Flex Mode Selection

- - ~

Select a Set of Input Data for "ACTUATOR" from an [nput File: Stgl_Maxl_Ptch.inp Run Input St

Shuttle M ain Engine Actuatar P

Solid Rocket Booster Actuator ¥k ETogram
Create Mew
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1.5 Combining the Vehicle with the Actuators

The next step is to combine the vehicle model with the actuators and the flight control system. There
are many ways to combine the subsystems together and we will consider two options: (a) combining
all the individual subsystems together using Simulink, and (b) use the Flixan systems interconnection
utility to combine all the continuous (s-plane) subsystems together in order to create a continuous
state-space plant model and then complete the system combination using Simulink by connecting the
continuous plant model with the discrete flight control system and to create simulation models in
Simulink. We did it both ways, but in this section we shall describe how to combine the pitch vehicle
with the two actuators together using Flixan.

The interconnection of the vehicle with the actuator models is not as simple as connecting the actuator
output to the deflection input of the vehicle model. There is additional dynamics involved that makes
the actuator/ vehicle interconnection a little more complex. There is the tail-wag-dog dynamics, which
is a reaction torque on the vehicle caused by the slewing acceleration of the nozzle. The vehicle model
in addition to nozzle deflection inputs it also has gimbal acceleration inputs for modeling the tail-wag-
dog (TWD) dynamics. There is also the load-torque feedback which is a disturbance torque applied on
the actuator gimbal and is attempting to rotate the nozzle against the actuator control torque. It is
caused by the vehicle acceleration, both rotational and translational. On the Shuttle and most launch
vehicles the load-torque effects are not as significant than the TWD, that usually creates a complex
pair of zeros in the transfer function near the jo axis. This causes a sharp notch in the open-loop
frequency response amplitude of {q(®)/6(w)} and a 180° phase reversal at the tail-wags-dog
frequency. This happens only if the engine cg is below the gimbal, otherwise, the TWD zeros are on
the real axis of the complex plane. In order to model the TWD dynamics two things are needed, an
actuator that provides a gimbal acceleration output, that is, in addition to the gimbal output angle, and a
flight vehicle state-space model that includes gimbal acceleration inputs. In the vehicle/ actuator
interconnection, the gimbal angle outputs from the actuator connect to the gimbal angle inputs of the
vehicle model, and the gimbal acceleration outputs from the actuator go to the gimbal acceleration
inputs of the vehicle model. This takes care of the tail-wags-dog modeling.

For the load-torque feedback modeling, the actuator in addition to the (5-com) it must also have a load-
torque input, which is a mechanical reaction torque in (ft-lb) on the nozzle gimbal caused by the
vehicle motion. The load-torque attempts to rotate the nozzle in a direction that may be against the
actuator control torque. In order to model the TVC load-torques correctly a separate actuator model
must be included for each engine gimbaling direction. In this case, however the model can be
simplified and instead of using 5 separate actuators directly connecting to the 5 vehicle pitch gimbal
deflection and acceleration inputs, we lump the 3 SSME actuators in a single SSME model and the two
SRB actuators in a single SRB actuator. A single SSME actuator deflection output drives all 3 SSME
deflection inputs in the vehicle model via the TVC gains, and the actuator acceleration output drives all
3 SSME acceleration inputs via the same TVC gains. The same applies for the single SRB actuator
output deflection driving the two SRB deflection inputs in the vehicle model, and the acceleration
output driving the two acceleration inputs. It is mathematically equivalent to the actual physical system
and it uses fewer states. The load-torque feedback outputs from the vehicle system are also connected
to actuator load-torque inputs. The 3 load-torque outputs from the SSME are averaged to a single
signal (Tly_ssme) that goes to the SSME actuator, and also the 2 SRB load-torque outputs are
averaged to a single signal (Tly-srb) that goes into the SRB actuator load-torque input. The flight
vehicle modeling program creates the additional inputs and outputs required to implement the TWD
and the load-torque feedback dynamics when the TWD flag is turned-on in the TVC engines “With
TWD?”, in the vehicle input data.
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Shuttle Stage-1 at Max-Q, Closed-Loop Simulation
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Figure (1.5.1) Pitch Vehicle and Actuators Interconnection

The pitch vehicle and the actuators interconnection is shown in Figure (1.5.1). We use the systems
interconnection utility to combine them as shown. The systems interconnection data is in file
“Stgl_MaxQ_Ptch.Inp”. Its title is “Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)”. The state-
space systems combination utility is also under the "Creating and Modifying Linear Systems” group.

’ A
“u Flixan, Flight Vehicle Modeling & Control System Analysis

File Edit [Analysis Tools | View Quad Help
i b - -‘& — r
. IEA..- X

Flight Vehicle/Spacecraft Modeling Tools [
Creating a Mew System Graphically

Frequency Control Analysis [
Robust Control Synthesis Tools [

Creating and Modifying Linear Systerns
Combining Various State-Space Systems
Combining Transfer Functions to a System
Maodifying and Extracting from 55 Systems
Reducing State-5Space Systerns

Transformations from 5 to £ and W
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From the filename selection menu select the same input data and system filenames
“Stgl_MaxQ_Ptch.Inp” and “Stgl_MaxQ_Ptch.Qdr”. From the systems interconnection menu select
the title: “Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)”. The systems combination dialog appears
showing the system inter-connections, as in Figure (1.5.1). Press the “Run” button to execute the
systems inter-connection. The new combination system will be saved in the systems file using the
same title as the interconnection instructions: “Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)".

,

Select a Set of Input Data for "INTERCOMMECTIOMN" fraom an [nput File: Stgl_Maxtl_Ptchiinp

Fun Input Set

Pitch Plant [Flex Vehicle, Actuatars, TYE, TWD]

Open-Loop Pitch [Plant kModel + Cantraller] Ezit Program
Clozed Loop [Plant Model + Contraller)

I I Create Mew

.
Systems Interconnection Dialog

Combined System Title Sample Time [dT). zero for s-plane Exit I
Pitch Plant [Flex Yehicle, Actuators, TYC, TWD] I

00000 073
Ui n
Diefine the System Titles to be Combined in file: Stgl_Max0_Ptch qdr Find System Title H( S) _— G( S) .

System Size———————
Sps: 1, Shulte Ascent, Man_0. T=55 s=c. Flex Pitch Vehicle with Slosh and TwD BRI —

Fun
Sye 2, Shuttle Main Engine Actuator T2
Syz 3. Salid Rocket Booster Actuator Mumber of Systems IT I

Murmber of lnputs I 2 Edit Input File K

Humber of Qutputs | 5 Save in File | ( S)

Usze the Tabs below toView or to Modify the new system interconnection parameters, modify the Input/Output labels, or wiite zome notes and comments

F 3

Direct Input to Output Connects  Connect Inputs to Subspstems | Connect Subsystems to Dutputs | Connect Subsystems to Subsystemsl Combined System Inputs | Combined System Dulputsl User Motes! Comments

Connections from the Combined System Inputs to the Sub-Spstem Inputs
SYSTEM INPUTS TO SUBSYSTEW 2 {Shuttle Main Engine Actuator} Add Connect.
SYSTEM INPUTS TO SUBSYSTEM 3 {Solid Rocket Booster Actuator}
SYSTEM INPUTS TO SUBSYSTEM 1 {Shuttle Ascent, Max_Q, T=55 sec, Flex Pit .
Modify Connect
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Yiew/! Defing
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The pitch plant system is also needed in Matlab to perform analysis and simulations. It should,
therefore, be converted to Matlab format. The Matlab conversion data-sets are already created and
included in file “Stgl_MaxQ_Ptch.Inp”. From the Flixan main menu, go to “Matlab Conversions” and
then go to “Export to Matlab”. Select the systems file “Stgl-MaxQ-Ptch.Qdr”. Select a directory
where the converted system will be saved. The Matlab analysis will be performed in *...\ Examples\
Shuttle Ascent\ Pitch Analysis”. Choose the output to be a system, and an m-file. From the systems
selection menu (shown below) select the system title to be converted.

i N

Select a State-Space Model for Matlab Conversion, From Systems File: 5tgl_MaxO_Ptch.gdr

Shuttle Ascent, Max_0O, T=55 sec (Rigid Body])

Shuttle Ascent, Max_0O, T=55 sec, Flex Vehicle with Slosh and TWD
Shuttle Ascent, Max_0O, T=55 sec, Flex Pitch Vehicle with Slash and TWD
Shuttle Main Engine Actuator

Solid Rocket Booster Actuator

Pitch Axis Discrete FCS

Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)

Discrete Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)

Open-Loop Pitch (Plant Model + Controller)

Closed Loop (Plant Model + Controller)

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

Enter also the name of the Matlab file “Pitch_Plant_s” (without the .m) which will contain the plant
state-space system.

, e e
Enter a file name [ex. Wehicle] to save the [4.B.C.0] matrices asz a Matlab ok
m-file function [ex. Vehicle.m]

Fitzh_Flant

This will create the state-space function file “Pitch_Plant_s.m” containing the plant state-space system
as an m-file function. It will be located in the “\Examples\ Shuttle Ascent\ Pitch Analysis” directory.
To load it into Matlab workspace you must type:

[Apl, Bpl, Cpl, Dpl]= pitch_plant_s;
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1.6 Pitch Axis Discrete Flight Control System

The pitch flight control system of the Space Shuttle during ascent is defined by a combination of
discrete transfer functions in the z-domain. The inputs are: vehicle pitch attitude error (®) in (radians),
pitch rate (q) in (rad/sec), and normal acceleration (Nz) in (ft/sec?). The output DQ_TVC is the
command that drives the pitch actuators via the TVC. The gains and filters are designed strictly for the
Max-Q flight condition. In this example we are not emphasizing in the flight control system
description and design, but only in the overall vehicle modeling and performance analysis. The pitch
flight control system is also included in the input data file “Stgl_MaxQ_Ptch.Inp” together with the
other data related with this analysis. It is defined in transfer functions form. The transfer functions
interconnection title is: “Pitch Axis Discrete FCS”, and its sampling rate is 40 (msec). In order to be
able to combine this transfer-function defined FCS with the other vehicle subsystems we must convert
it to a discrete state-space system. The Flixan transfer functions interconnection utility will be used to
create the discrete state-space FCS and will save it in the systems file together with the other systems.

Pitch Flight Control System

Ascent FCS Pitch Axis

Km_theta QC_Lim Km_int Autotrim

On Int 1/Km
4’{>—P—° KTs _Q\
thet-er ﬂ > e » 'l//

=1

after EZ7 M RO

(1

pa_TVC

Ka M_NZLAG M_NZ

Nz-er )
; den(z) Q .

The transfer-function data processing utility in Flixan is selected from "Combining Transfer-Functions
to System™ option which is under the "Creating and Modifying Linear Systems” group and it is similar
to the systems interconnection option. In the filename selection menu you must select the same input
data and systems filenames already used in this project. In the transfer functions interconnection
selection menu select “Pitch Axis Discrete FCS”. Run the selected set and the transfer function
interconnections dialog appears showing the interconnection info.
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Transfer Functions Interconnection Dialog

Combined Transfer Functions System Title Continuous or Digcrete, dT= 0.02 Exit |

Pitch Axis Discrete FCS ‘Discrele, Dt=0.04
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}IE g g‘tza'::-c':lell:?;m Fles Number of Inputs ,T Save in File

TF: 7.5tage-1 Lead-Lag

Number of Output
umber of Outputs | 1 Edit Input File

Uze the Tabs below to View or to Modify the Transf. Function interconnections, Modify the Input/Output labels, or wite some notes and comments

Direct Input to Qutput Connects  Connect Inputs to Subsystems | Connect Subsystems to Dutputs | Connect Subsystems to Subsystems 1 Combined System \nputs] Combined Spztem Dutputs] User Nates, Eommanls]

Connections fram the Combined Spstem Inputs to the Transfer Function Block Inputs

Input: 1 {Pitch Attitude, Thet} goes to TF# 2 { Rate Gyro Flex  }, Gain= 0.2400000
Input: 2 {Pitch Rate, g (rad/s} goes to TF# 2 { Rate Gyro Flex }, Gain= 1.000000
Input: 2 {Pitch Rate, g (rad/s} goes to TF# 3 { Nz/g-gyro Lead-Lag }, Gain= 0.1300000E-01
Input: 3 {Nermal Acceleration,} goes to TF# 4 { Nz LAG 1, Gain= 1.000000

Modify a Connection | Add Mew Connection | Delete a Conneclion |

Click on “Run” to execute the set. The program transforms the pitch FCS transfer function
interconnection data to a state-space system and saves it in file “Stgl_MaxQ_Ptch.Qdr”, under the
same title: “Pitch Axis Discrete FCS”. The discrete FCS is also exported to Matlab as a state-space
system m-file “pitch_fcs.m” in directory “\Shuttle Ascent\Pitch Analysis™. It will also be combined
with the vehicle and actuators to perform stability analysis and simulations.

1.7 Processing the Input Data in Batch Mode

The dynamic model development described in sections (1.2 to 1.6) is for an initial setup and it takes
longer to process. When the input file: “Stgl_MaxQ_Ptch.Inp” is already prepared there is a much
faster way to process it using Flixan in batch mode. Batch processing requires a batch data-set that is
usually located at the top of the input data file. Let us take a look in the input file: “Stgl MaxQ-
Ptch.Inp”.

1. The first set of data in this file is a batch for processing the remaining data-sets in batch mode.
This is faster because it processes them all together, instead of processing each set interactively.
Its title is "Batch for preparing the Shuttle Ascent, First Stage Max-Q, Longitudinal Axis
Models". Below the title there are comment lines describing the models created by this file and
batch, followed by the batch instruction lines. Each batch instruction line corresponds to a data-
set in the file that will be processed by Flixan.

2. The next two data-sets below the batch generate two vehicle models in the same max-Q flight
condition. The first one is a rigid-body model and its title is "Shuttle Ascent, Max_Q, T=55 sec
(Rigid Body)". The second one is a high order model that includes flexibility, slosh, and tail-
wag-dog dynamics. Its title is "Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and
TWD".

3. The next data-set is a set of selected pitch modes which are combined with the second vehicle
model and introduce flexibility in the model. This set of modes was created and described in
section (1.1) using the mode-selection process. The modal data title is "Shuttle Ascent, Max_Q,
T=55 sec, Rigid Body with Slosh/TWD, Pitch Modes" and it is also included in the vehicle data.
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Now let us process this input file using Flixan. (Seiect = Project Direciad S |
Start the Flixan program and select the project

The next data-set is a system modification set that extracts only the longitudinal axis variables
from the coupled state-space model with flex. The reduced pitch system includes all flex modes
and its title is "Shuttle Ascent, Max_Q, T=55 sec, Flex Pitch Vehicle with Slosh and TWD".
This system is also saved in file "Pitch_Vehi_Flex.m" for Matlab analysis.

The next two data-sets are actuator data used to generate actuator models for the Shuttle main
engines and for the rocket booster nozzles. Their titles are: "Shuttle Main Engine Actuator” and
"Solid Rocket Booster Actuator” respectively. These two systems are also saved in files
"SSME_Actuator.m™ and "SRB_Actuator.m " for Matlab analysis.

The next data-set is a transfer-function system that defines the Shuttle discrete flight control
system at max-Q. The sampling rate is 40 (msec). Its title is "Pitch Axis Discrete FCS". Flixan
will convert this transfer-function interconnection data to a state-space system. This system is
also saved in file "Pitch_FCS.m" for Matlab analysis.

The next data-set is a systems interconnection set that combines the flexible pitch vehicle
model with the SSME and the SRB actuators. The interconnection includes tail-wag-dog and
load-torque feedback dynamics as already described. Its title is "Pitch Plant (Flex Vehicle,
Actuators, TVC, TWD)". This system is discretized at 40 (msec) using the s to z conversion
utility. The discrete system's title is "Discrete Pitch Plant (Flex Vehicle, Actuators, TVC,
TWD)". These two systems are also saved in files "Pitch_Plant_s.m™ and " Pitch_Plant_z.m "
for Matlab analysis.

The next two data-set are systems interconnections that combine the discrete pitch plant model
created in step-7 with the pitch flight control system created in step-6. Two discrete systems are
created, an open-loop system used for stability analysis "Open-Loop Pitch (Plant Model +
Controller)" and a closed-loop system used for time-domain simulations "Closed Loop (Plant
Model + Controller)". These two systems are also saved in files "open_loop.m" and
"closed_loop.m" for Matlab analysis.

The remaining data-sets are used to convert the systems from file “Stgl_MaxQ_Ptch.Qdr” to
Matlab format and they will be loaded in Matlab to perform system analysis.

folder "C:\ Flixan\ Examples\Shuttle Ascent\Pitch C:\Fban\ExamplesiShuttie AscentPitch Analysis

Analysis". Then go to "Edit", "Manage Input Files
(.Inp)", and "Process/ Edit Input Data", as shown.

21

Multi-Engine First-Stage Liquid B =
Payload Damper
Robust Analysis Param Uncertai
Rocket Plane
Shuttle Ascent

Coupled vehide

Docs

Old

Pitch Analysis
Shuttle Hypersonic Re-Entry i

T 3

(04 ] | Cancel




*u Flixan, Flight Vehicle Modeling & Control System Analy‘si-

File fEdit] Analysis Tools  View Quad Help

Manage Input Files (*Inp) 4 Create or Edit Batch Data
Manage System Files (*.Qdr) 2 Process / Edit Input Data

The following dialog is used for editing and processing Flixan input files. The left menu shows the
only input file in the project directory, which is "Stgl_MaxQ_Ptch.Inp™. Select it and click on "Select
Input File". The menu on the right side shows the data-sets which are included in file
"Stgl_MaxQ_Ptch.Inp . They can be processed individually, but select the batch set on the top to
process them all together, and click on "Process or View Input Data". Flixan will process the input file
and create the systems in file "Stgl_MaxQ_Ptch.Qdr". It will also create the Matlab system files.

Process Input Data Files

Point to an Input Data Filename Exit
and Click on "Select Input File"  The following sets of input data are in file: Stg1_MaxQ_Ptch.Inp |
IStgl_Ma)(Q_Ptch_lnp Bun Batch Mode Batch for preparing the Shuttle Ascent, First Stage Max—{, Longitudinal Axis Models
Flight Vehicle Shuttle Rscent, Max §, T=55 sec (Rigid Body)
Stel_MaxQ_Ptch.Inp - : 2 g e
Flight Vehicle Shuttle Ascent, Max {Q, T=55 sec, Flex Vehicle with Slosh and TWD
Modal Data Shuttle Ascent, Max {, T=55 sec, Rigid Body with Slosh/TWD, Pitch Modes

Actuator Model Shuttle Main Engine Actustor
Eotuator Model Sclid Rocket Booster Actuator
Transf-Functions Pitch Exis Discrete FC3
System Connection: Pitch Plant (Flex Vehicle, Retuateors, IVC, TWD)

System Connection: Open-Loop Pitch (Plant Model + Controller)

System Connection: Closed Loop (Plant Model + Controller)

S5-Z-Transform : Discrete Pitch Plant (Flex Vehicle, Lctuators, TVC, TWD)

To Matlab Format : Shuttle Ascent, Max §, T=55 sec, Flex Pitch WVehicle with Slosh and TWD
To Matlak Format : Shuttle Mzin Engine Actuator
To Matlask Format : Sclid Rocket Booster Roctuator

System Modificat : Shuttle Ascent, Max §, T=55 sec, Flex Pitch Vehicle with Slosh and TWD

i To Matlabk Format Pitch Axis Discrete FCS
Selectinput | o el |To Matleb Formst : Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)

File To Matlab Format : Discrete Pitch Plant (Flex Vehicle, Actuators, IVC, TWD)
Process or View Input To Matlabk Format Open-Loop Pitch (Plant Model + Controller)

To Matlab Format Closed Loop (Plant Model + Controller)
Data Replace Systems File? lﬁ

Delete Data Set in File

'@' The systemns filename: 5tgl_MaxQ Ptch.Qdr

Relocate Data Set in File already exists. Do you want to create it again?

Copy to Another File

View Data-5et Comments

This batch set creates Space Shuttle Ascent models at Max Dynamic Pressure which occurs 55 seconds after lift-off. First, a rigid-body model, and second a
flexible vehicle model with 18 symmetric (longitudinal) bending modes. External fuel tank slosh dynamics are also included in the flex model and the fail-wags-
dog option is turned on. The flex model is modified to retain only the longitudinal dynamics, inputs, and cutputs. The SSME and the SRB hydroulic actuator
models are also created. The pitch flight control system is contructed in the z-domain at 40 msec sampling period. The flex vehicle. actuators. and TVC gains
are combined together o create a continuous plant model and discretized at 40 msec. The discrete plant and flight controller are combined together in fwo

| »

m
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1.8 Pitch Axis Stability Analysis Using Matlab

In the previous section we have created several models that can be used to analyze open-loop stability
using frequency response analysis in Matlab. The following Matlab script file "run.m" loads the Flixan
generated models to Matlab and performs frequency response analysis. An open-loop model is already
created by Flixan and it is saved in file "open-loop.m". However, in this case we will use Simulink to
connect the subsystems together open-loop and to perform the linear analysis.

% File: run.ﬂ
r2d= 180/pi:; d2r=1/rid; Ts=0.04:

% Load Systems from Flixan

[Apf, Bpf,Cpf,Dpf]= pitch wehi flex;
[Aac, Bac, Cac, Dac]
[4sb, BEsb, Csb, Dshb]
[Afc,Bfe,Cfo, DEc]
[Apl,Bpl,Cpl,Dpl]
[Ap=z,Bpz,Cpz,Dpz]
[Acl,Bol,Col,Daol]
[Acl,EBcl,Col,Del]

Titles in file "Stgl MaxQ Ptch.Inp”

Shuttle Ascent, Max_ O, T=55 sec, Flex Pitch Vehicle with Slosh
Shuttle Main Engine Actuator

Solid Rocket Booster Actuator

SSme_actuator;
Srb_actuator;
pitch fes: Pitch Axis Discrete FCS

Fitch Plant (Flex Vehicle, Actuators, TVC, TUWD)
Pitch Plant Discrete

pitch plant_s;
pitch plant z;
open_loop: Open-Loop Pitch (Plant Modesl 4+ Controller)

Closed Loop (FPlant Modesl + Controller)

I I I

cloged loop?

[A0,Bo,Co,Do]= dlinmod('FPitch Open Flex',0.04); % Linsarize Open-Loop Simulink modsl that uses sesparate blocks
%[A0,Bo0,Co,Do]= dlinmod('Pitch Open Flex2',0.04); % Linearize O
sys= 535 (ko,Bo,Co,Do,0.04);
%s3ys= 55 (4ol,Bol,Col,Dol,0.04)
w=logspacs (-2.4, 2, 24000):;
figure (1); Nichols(sys,w)
figure (2): Bodeisys,w)

figure (3); Nygquistisys,w)

n-Loop Jimulink model that uses combined plant
STem

Create 335

Create 55 System using the pre-combined z-system "open loop.m”
Define Fregqu Range

Flot Nichol's Chart

Flot Bode

FPlot Nygquist

I

The open-loop Simulink interconnection file "Pitch_Open_Flex.Mdl", shown in Figure (1.7.1), has the
loop opened at the FCS output. It is used to calculate the frequency response and the stability margins.

TVC Gains
@7—" dy-com gy )b e |y i thatz P |thets
T
" wo ¢ - > cane—» (D)
B |TL  dy-dd [y Dg_Tve
Nz ] Nz
- |4 4’[: ——
SSME ’|
Actuator 0.8 dys TLyt Knz Pitch FCS
—}{K— = o |y
L e |diycom gy 13 |ty O +
|_> .
Pyt oAl s
] 0.323
— BT oy >lb p{ayaad o gt
0.8 I.—bd 5 el -
SRBE = L. n
Actuator HWE TLyS —p |+ _b[ : =
Add 05

Pitch Flex Vehicle

5RE Load-Torgue Feedback

S5ME Load-Torque Feedbadk

Figure (1.7.1) Open-Loop Analysis Model ""Pitch_Open_Flex.MdI"" with the Loop Opened at the FCS Output

This system consists of the continuous pitch flex vehicle from file "pitch_vehi_flex.m", the two
actuator (SSME and SRB) subsystems, and the TVC gains in series with the discretized flight control
system "pitch_fcs.m", sampled at 0.04 sec. Matlab calculates the frequency response and plots the
Bode, Nichols, and Nyquist diagrams to show the gain and phase margins.
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We also have a second open-loop implementation in Simulink file "Pitch_Open_Flex2.Mdl", shown in
figure (1.7.2) below, and used for tutorial purposes. This implementation connects the FCS with the
combined vehicle/ actuator/ TVC plant system: “Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)”
that was connected together using Flixan, and it was loaded in Matlab from file "pitch_plant_s.m". A
third implementation uses the open-loop system "Open-Loop Pitch (Plant Model + Controller)"
generated by Flixan, loaded in Matlab from file "open_loop.m". This consists of all subsystems
including the FCS. The frequency response results from all three systems are very similar and they are
presented in all three: Bode, Nyquist, and Nichols flavors.

thets o thetz
@—h—-:alt—c
3y g+ ———»a oanet (T
-1 Dg_Twe
Nz
g-fbe
s|gust Pitch FCS
Mz ]
Fitch Flant Knz

Vehide/ Actuators! TVC

Figure (1.7.2) Open-Loop Analysis Model "'Pitch_Open_Flex2.MdI"* using the pre-combined plant model
Pitch Axis Nyquist

Myguist Diagram
I

Flexibility

Rigid-Body
Aero Mode
at 0.28

(r.adfsec] (rad/sec)

Imaginary Axis

Real Axis
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1.8 Closed-Loop Simulations

The closed-loop simulations are also performed in Simulink, and there are three simulation models
located in folder “C:\Flixan\Examples\Shuttle Ascent\Pitch Analysis”. The first one is implemented in
the Simulink model “Pitch_Flex_Sim.MdI”, shown in figure (1.8.1), where the vehicle, actuators,
flight-control, and the TVVC are combined together in Simulink.

thet-com
1 (deg)

TWEC &ains
e dy-com dy 4% ]yl theta
13 oy 2
BTl dyeda [TV ey 3
q-flx =i Oo_T.iC
P[P dyd
SSME v y
Aty atar 0.6 s Knz
_% o dydt Mz —>I>—> Mz
L dyr-com dy 1.2 P dydd
oy Pitch FCS
TLy_sme
—{TL dyedd diddd
El BT v
06 dydd5
SRE
Aty ator o LS Tly _srb
gust
o Fitch Flex Wehicle

SRB Load-Torque Feedback

S5ME Load-Torque Feedback

Flight Contral Loop
Figure 1.8.1 Shuttle Ascent Closed-Loop Simulation Model “Pitch_Flex_Sim.MdI”

The second closed-loop simulation model is “Pitch-Flex-Sim2.mdl”, shown in figure (1.8.2). It uses a
pre-combined plant model: “Pitch Plant (Flex Vehicle, Actuators, TVC, TWD)”, shown in green below,
where the vehicle and actuators were connected together in Flixan.

Flight Control Loop

thet-com

thets p@ o |thets

q DO_TVC

K- o= | iz
Gust a-fbx +
@—b gust Knz Pitch FCS

Pitch Plant
Vehicle' Actuators’ TVC

L |delt-c

¥

Figure 1.8.2 Shuttle Ascent Closed-Loop Simulation Model “Pitch_Flex_Sim2.MdlI”
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The third closed-loop simulation model is “Pitch-Flex-Sim3.Mdl”, shown in figure (1.8.3), and it was
combined together and discretized in Flixan. The discrete system sample-rate is 40 (msec) and its title
is “Closed Loop (Plant Model + Controller)”. It is loaded into Matlab from file “closed_loop.m”. The
simulation results from all three models are very similar.

Closed Loop (Plant Model + Controller) Thet
Created using Flixan

(Or—»{ime]

thet-com Clook time

n=Cxin+Duin)
- x?n:I1 -::;n-'-ﬁ;ur:n- | FEI
= g.872 > S —

240 To+D 502 Discrete Closed-Loop System alf
Gust Gt
shape Gt
gust
Dutputs: g

Fitch Attitude (thet-bdy) (radians)

Fitch Rate (g-body) (radisec)

Angle of attack, alfa, (radians)

Fate-Gyro # 2, Pitch Rate (Body) (radisec)

L [N
Accelerom# 2, (along £), (f'sec™?) Translat. Acceleration

Figure 1.8.3 Shuttle Ascent Closed-Loop Simulation Model “Pitch_Flex_Sim3.MdlI”

The simulation models have two inputs, one representing an attitude (6comd) coming from guidance and
the second input represents the wind gust velocity. The direction of the wind gust is defined in the
vehicle input data. When the simulations are complete a script file “pl.m” is used to plot the results.

Figures (1.8.4), below, show the vehicle response to a sharp wind pulse of 30 (ft/sec). It was obtained
using the simulation model “Pitch_Flex_Sim.MdI”. Initially the angle of attack jumps due to the wind
incidence and the TVC engines gimbal to counteract the aero disturbance. This excites structure
flexibility which is visible at the gyro, the accelerometer, and the gimbals. Slosh oscillations are also
visible at the gimbal deflections. The SSME deflections are larger since they have bigger deflection
capability than the SRB. The gimbal accelerations contribute to the TWD forces and the load-torques
that feed back into the actuator.
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Figure 1.8.4 Response to a Wind Pulse of 30 (ft/sec) amplitude

29



The simulation results in figure (1.8.5) show the Shuttle response to a 5 (deg) attitude change
command. The angle of attack reaches peaks to a value of 4.4° and then it decays to -1.5° as a result of
the load-relief action which is intended to reduce the normal load. For the same reason the pitch
attitude (0) never reaches its commanded value because the load-relief compromises the command
performance at high dynamic pressures. Both the SSME and the SRB engines gimbal responding to the
pitch command by deflecting in the negative direction causing a pitch-up. The SSME deflections are
bigger and they also excite the slosh resonances which are visible in the gimbal deflections and at the
sensors. Flexibility is also visible initially in the gimbal accelerations.

Shuttle Ascent Stage-1 Response to 'I'hetacmcI =5 (deg)
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Figure 1.8.5 Response to a 5 (deg) Pitch Attitude Command at Max-Q
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2.0 Pitch and Lateral Axes Analysis Using a Coupled Model

We will now repeat a similar analysis by using a vehicle model that has the pitch and lateral dynamics
fully coupled together and combined with discrete flight control systems, the actuators, the sensors,
and the TVC matrix. We will use Flixan to generate state-space models for the Shuttle vehicle, both
rigid and flexible, combine the flexible vehicle with the actuators, sensors, TVC, and flight control
system, and create open-loop and closed-loop models for frequency response analysis and simulations.
The control analysis is performed using the Matlab program. For tutorial purposes we shall
demonstrate three types of modeling options using Flixan and Matlab/ Simulink. In the first case we
create the individual subsystem models using Flixan and they are combined together and analyzed in
Matlab/ Simulink. In the second option the vehicle, actuators, TVC, and sensor subsystems are
combined together as a system and it is discretized using Flixan. Then we use Simulink to combine
them with the discrete pitch and lateral flight control systems and analyzed them using Matlab. In
option three all subsystems are combined together using Flixan, loaded into Matlab and the analysis is
performed using Matlab/ Simulink. Notice that the Flixan interconnection utility is more efficient in
combining subsystems together because Simulink has difficulty combining systems that involves
algebraic loops. In this example we have algebraic loops because of the load-torque mechanical
feedback.

The coupled axes analysis is performed in directory: “C:\Flixan\Examples\Shuttle Ascent\Coupled
Vehicle”. The Shuttle vehicle input data and the selected modal data are in file “Shuttle-Stg1-T55.Inp”.
If you look inside this file there are two sets of vehicle data. One set for creating a simple rigid-body
model with title: “Shuttle Ascent, Max_Q, T=55 sec (Rigid Body)”, and a second set for building a high
order vehicle model with slosh and structural bending having the title: “Shuttle Ascent, Max_Q, T=55
sec, Flex Vehicle with Slosh and TWD”. The vehicle modeling program will generate the Shuttle state-
space systems from the vehicle data, which are identical with those used in the pitch axis except that
the flex model is using a different sets of modal data. It uses a set of 29 modes which include both
symmetric and anti-symmetric modes, and have already been pre-selected, scaled, and saved in file
“Shuttle-Stg1-T55.Inp”. The title of the modal data set is “Flex Modes for Shuttle Ascent, Max_Q,
T=55 sec”. Notice that this title must also appear at the bottom of the flex vehicle data-set. It is the last
line below the line “Number of Bending Modes: 29”. This file also includes two sets of actuator data.
One set for modeling the Shuttle main engine dynamics and another set for the Solid Rocket Booster
engine. The Flixan generated state-space systems are saved in file “Shuttle_Stg1-T55.Qdr”. They are
also converted to Matlab format by the “Export to Matlab” utility. The Matlab analysis is performed in
the same folder. In this example we will not run each Flixan subprogram separately and interactively
as in the pitch axis analysis. We have created a batch set that processes all the data-sets in file “Shuttle-
Stgl-T55.Inp” together in batch mode, faster and without user interaction. The batch consists of a set
of processing statements that appear on the top of the input data file. It creates the vehicle models, the
actuator and sensor models, and the flight control systems. It combines them together, discretizes them,
and transforms them to Matlab for further analysis. The batch set has a title: “Batch for preparing the
Shuttle Ascent, First Stage Max-Q, Coupled Axes Models” and it is followed by some comment lines
that describe the overall analysis performed in this project file “Shuttle-Stg1-T55.Inp”. In section (2.2)
we will discuss the batch execution and describe the function of each individual set of data in the input
file, but before we get to that let’s talk about the selection of the modal data.
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2.1 Mode Selection

The mode selection in this case is very similar to the pitch mode selection,
perhaps a little more laborious because we may have to do it more than
once using different excitation and sensor points and directions. This is to
make sure that we excite and sense in all directions in order to capture
both, symmetric modes which dominate in the pitch direction and anti-
symmetric modes which are strong in roll and yaw. For demonstration
purposes, however, we are going to run the mode-selection process only
once. Since the vehicle does not have perfect symmetry a lot of modes
couple into all three directions.

We start the Flixan program and go to directory “... \Examples\ Shuttle Madsel Ms! |
Ascent\ Coupled Vehicle”. From the Flixan main menu select “Analysis

Tools”, *“Flight Vehicle Modeling Options”, and then “Flex Mode

Selection”. In the filenames selection menu we select the finite elements Cancel 0K

file “Shuttle-MXQ.Mod”, the nodes map file “Shuttle_Stg1.Nod”, the input
data file “Shuttle-Stg1-T55.Inp”, and the default mode-selection output file.

Select File Mames

todal Data File

[nput D ata File

|Shutle_MxQ.Mod =]
Mode Dezcrption File
| Shuttle_Stgl Mod -]

tode Comparizon Output

Click “ok” to continue. In the menu that selects a set of flight vehicle data choose the second title
“Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD” and click on ““Run Input Set”.

Find a Set of Inputs

|Se|eu:t a Set of Input Diata for "FLIGHT YEHICLE" from an Input File: Shuttle_Stgl_TES np Fun Input Set

Shuttle Azcent, kMas_[, T=55 zec [Rigid Body) Euit P

Shuttle Ascent, Max_[, T=55 sec, Flex Vehicle with Slosh and TwD Al FTogram
Create Mew

In this example we will attempt to excite the vehicle structure in the roll direction in order to select
modes which are strong in roll. In the following menu choose 5 force excitation points, zero torques,
zero translational sensors, and one rotational measurement point. We also select the “Graphic” mode
selection option and click “ok”. Ignore the request for the number of modes to be selected because this

applies only to auto-selection.

The program will ask you if you would
like to rescale the modal data, and you
should reply “Yes” because the modal data
units and directions are different than our
vehicle units and directions. We allow the
default modal data scaling and axes
transformation option shown in the dialog
below. This will rescale the modal data
from Nastran to flight control units and
directions.

Select Range of Modes, Number of ¥ehicle Locations E|
“r'ou must define gome points on the flex model where excitation forces
and torques are applied ta the structure, and the direction axiz. “ou must

alzo defing pointz where motion [rotational or tranzlational] iz senzed and
alzo the senzing direction.

Compare Strength Between  Mode: 1 and Mode

| 95
Mumber of Excitation Pointz,  Forces: 5 Tarques | ]
T

Mumber of Sensor Pointz, Translations: ] Rotations

tMode Selection Process
Automatic or banual Automatic
uzing the Bar Chart
Mumber of Modesz to be
Selected 12

Ok




The following menu is used for unit conversions and axis transformation. This is because the units and
directions used in GN&C models are usually different from those used by typical FEM such as
Nastran. In a typical GN&C analysis model the x-axis in is forward (in the direction of the velocity
vector), and the z-axis is down towards the floor. The Nastran models, almost always, they point the x
axis aft toward the back of the vehicle and the z-axis up towards the ceiling of the airplane. The y-axis
is the same in both models. The modal mass from Nastran needs also to be scaled up by a factor of 12
because Nastran uses (snails) while GN&C uses (slugs). The modal rotations (slopes) also need to be
scaled up by a factor of 12 because in Nastran they are (rad/inch) and they need to be converted to
(rad/ft). The modal displacements do not require scaling because their units change from (inches/inch)
to (feet/foot). The conversion dialog below is used for scaling the modal data. It has the default
conversion parameters described but the scaling values, signs, and axes can be modified as needed to
make the modal data compatible with the vehicle input data.

Data Scaling Option l_“_]

I Do you want to Modify the Modal Data?

Yes | Mo

Modal Data Scaling Factors @

todal Data Scaling Factors

Generalized Mazs [Gm] Multiplication Factar 12.000
todal Dizplacement [phi] Multiplication Factor 1.0000
todal Slope [zigma) Multiplication Factor 12.000

todity Coordinates from Mastran Axes to Vehicle Axes
++ in Yehicle Adxes Comesponds bo; {44 ik Stuctures Axis

+1' inVehicle Axes Comezponds to: [+ in Shuctures Axes

+2 inWehicle Axes Comesponds to;. |2 ik Stuctures Axes ak.

The next step is to identify the nodes for the 5 excitation points and a node for one gyro sensor.
Remember, these locations are only for mode selection purposes and they do not have to be the same
as the actual locations of the gimbals and the flight control sensors that will be defined later. Since in
this case we are interested in selecting modes which dominate in the roll direction we must chose
nodes that correspond to the 5 engine gimbal force excitations and select the force directions to excite
the vehicle structure in roll. The gyro measuring direction should also be in roll. The mode comparison
will be performed between the 5 excitation points and the roll sensor point. The nodes map, which is in
file “Shuttle_Stg1.Nod” is shown in a dialog/menu and it helps the user selecting the proper nodes and
in identifying the excitation and sensor locations in the modal data file. It also helps define the
directions of the excitation forces and sensing directions, only for mode selection purposes. In this case
the force excitations are differential in pitch in order to excite roll.
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The force excitation point #1 is chosen to be the top SSME which is engine #1, at node #3, generating
a force in the +Y direction to excite roll and yaw. The force excitation point #2 is the left SSME engine
#2, at node #4, with a force along —Z. The force excitation point #3 is the right SSME which is engine
#3, at node #5, with a force along +Z. The force excitation point #4 is the left SRB engine #4, at node
#6, with a force along —Z. The force excitation point #5 is the right SRB engine #5, at node #7, along
+Z. The combined differential forces in the +Z direction of the two SSME engines #2 and #3 excite the
structure in the positive roll direction. The same thing applies for the differential forces applied in the
two SRB engines #4 and #5.

Table of Vehicle Structure FEM Modes

In mode zelection, in order ta calculate the relative mode strength of a number of modes in a specified direction pou must ok
define some hode points in the Mastran model where the excitation forces or torques will be applied and also the forcing

directions.

Sirnilarly, you must alzo define the senzor paints [franslations ar rtations) and the senzing directions. Cancel
Select a Location {(Node) for Force Excitation : 1 Bz
LOX Slosh Mass 1 238 147.10 0.0 Alang
LHZ &losh Mass Z 239 860 o.o

Shuttle Main Engine § 1 3 0 oo Along-2
Shuttle Main Engine § 2 (left) 4 2E£h4 17.0 -4 5

Shuttle Main Engine £ 2 (right) 5 2021 17.0 4_E&

20lid Bocket EBooster # 4 (left) & 1387 o.ad -zl.0

2o0lid PBocket Eooster # 5 (right) 7 287 0.0 z1l.0 ; ;
IMU/ Accelerometer (right) =] Z3IEE 1083 1.0 Direction
IMITS Accelerometer (left) ] 2323 10832 -1.0

Aft Payload Gyro (a) 10 2179 —-l&65._ 72 oo %
Aft Payload Gyro (b} 11 2133 —leg . 7E a.o

Booster Gyro (right) 1z 37z —-la6_ 72 o0

Booster Gyro (left) 13 1372 —-la6_ 72 o0

Forward Payload Gyrao 14 150z oo oo

The location of the single rotational sensor #1 (defined for the mode-selection process) is chosen to be
in the right booster, node #12, measuring in the positive roll direction. The program uses the excitation
and sensor points to locate the mode shapes and slopes from the modal data file and from the mode
shapes it calculates the modal strength for each mode between the force excitations and the roll sensor.

Table of Vehicle Structure FEM Nodes

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

directions.

Sirnilarly, wou rmust alzo define the sensor paints [translations or rotations) and the zenzing directions. Cancel
Select a Location (Node) for Rotational Sensor: 1 A
LOX Slosh Mass 1 Z38 1470 0.0
LHEZ 5losh Mass=s z 239 86_0 .o Pitch
Shuttle Main Engine # 1 2 zZ0gg 120 oo Y aw
Shuttle Main Engine # £ (left) 4 2254 17.0 -4 5

Shuttle Main Engine # 3 {right) 5 zZ051 17.40 4.5

So0lid Rocket Booster # 4 (left) & 13587 a.ad -z1l.0

S0lid Rocket Booster # 5 (right) 7 2e? .o 1.0 o
IMIT/ Accelerometer (right) =] Z3EL 1083 1.0 Direction
IMIT/ Accelerometer [(left) a 2323 las_32 =1.0

Aft Payload Gyro (a) 10 2173 -leG_ 72 .o %
Aft Payload Gyro (b} 11 2183 —le6_ 72 o.o

Booster Gyro (right) z 372 u}

Booster Gyro (left) 13 1372 -leg.7Z oo

Forward Payload Gyro 14 1E0E a.o .o
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The mode selection process, however, is not finished yet because the program needs additional
information from the user in order to calculate the modal strength and selecting the modes. The next
step is to match important vehicle locations (such as engine gimbals, sensors, slosh mass locations,
which are specified in the vehicle input data) with their corresponding structure locations. The
important vehicle locations are determined by the mode selection program from the vehicle input data.
These locations must be matched with the corresponding nodes in the modal data. The mapping
between structure and vehicle locations in the input data is performed by the user using menus similar
to the previous menus but this time it is for a different purpose. The program expects the user to
identify nodes for the 5 engines, the 3 gyros (roll, pitch, and yaw), the 2 accelerometers (Ny and Nz),
the 2 slosh masses (LOX and LH2), and one additional node for an optional disturbance point, not used
in this example. Notice, that each sensor in the flight vehicle input data measures only one direction.

Notice, that each sensor in the flight vehicle input data measures only one direction. If you want a
measurement in 3 axes you must define 3 separate sensors. For the three (roll, pitch, yaw) gyros we
must select node #12 three times, and for the two (Ny and Nz) accelerometers we select node #8 twice.
We also choose nodes #1 and #2 for the LOX and the LH2 slosh masses respectively, and one

disturbance point that we are not using in this example.
Table of ¥ehicle Structure FEM Nodes E|

“'ou muszt now identify zome pointz on the finite element model that corezpont to the impartant locations an the vehicle [az
gpecified in the vehicle data) where the forces are being applied and the motion is being sensed. Such as TVC gimbals, gyros,
etc.

Select a Location {(Node) for Thruster Engine : 1 .
L &S5losh Mass 1 Z38 14z._0 o.o -0
LHzZ &losh Mass z z39 g&.0 0.0 -0
Shuttle Main Engine # 1 e 2088 2.0 -0 =
Shuttle Main Engine # 2 (left) 4 2254 17.0 -4 _E& =&
Shuttle Main Engine # 2 (right) 3 Z091 17.0 4 _ 5 =&
Solid Bocket Booster # 4 (left) & 1367 o.ao -Z1.0 u]
Solid Rocket EBooster # 5 (right) 7 367 o.o z1l.0 u]
IMUOS Accelerometer (right) 2 Z3EE los_ 32 1.0 -z
IMI, Accelerometer (left) =] 2353 1las.3 -1.0 -z
Aft Payload Gyro (a) 10 2179 —le6_7E o.o -0
Aft Payload Gyro (b} 11 2183 —leE_7E o.o -0
Booster Gyro (right) 12 37E —les. 7E o.o -0
EBooster Gyro (left) 13 137z —les. . 7E o.o -0
Forward Payload Gyro 14 1E0E o.a o.a u]

The user must also enter a short label that will be included in the end of the selected modes title. To
identify, for example, the type of modes.
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, _

==

ou muzt now identify zome points on the finite element model that correspont to the important locations on the vehicle [as
specified in the vehicle data)] where the forces are being applied and the motion iz being senzed. Such as TYC gimbalz, gyros,

Elc.

Select a Location (Node) for GyrofRate Sensor: 1 oK I
LO¥X Slosh Mass 1 238 14z .0 0.0 -0
LHZ Slosh Mass z 233 ge.0 0.0 -0
Shuttle Main Engine § 1 3 2088 13.0 a.a —3
Shuttle Main Engine £ Z (left) 4 2254 17.0 -4_5 -2
Shuttle Main Engine £ 32 (right) 5 2051 17.0 4.5 -z
Solid Rocket Booster £ 4 (left) 13 13a7 a.a —-Z1.0 a
So0lid Rocket Booster £ 5 (right) 7 387 0.0 Z1.0 a
IMUO/ Accelerocmeter (right) =] 2322 108.3 1.0 -z
IMUO/ Accelerometer (left) b=} 2323 l08.3 -1.0 -2
Aft Payload Gyro (a) 1d 2179 -186.72 0.0 -0
Aft Payload Gyro (b) 11 2183 -186.72 0.0 -0
Booster Gyro {(right) 2z a._0

Booster Gyro (left) 13 1372 -166.72 a.a -0
Forward Pavyload Gvro 1502 a.a a

|
IR

ou muzt how identify zome points on the finite elerment 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 sensed. Such as TVC ambals, guros,

etc.

Select a Location (Node) for Accelerometer - 1 | 4 I
LO¥ Slosh Mass 1 238 142._.0 a.a -0
LHZ Slosh Mass Z 233 g8e.0 a.a -0
Shuttle Main Engine £ 1 3 2088 15.0 0.0 —3
Shuttle Main Engine # Z (left) 4 ZZ54 17.0 -4.5 -z
Shuttle Main Engine § 3 (right) 5 2031 17.0 4.5 -2
Soclid Bocket Booster 4 (left) 4] 13a7 a.a -21.0 a
S5o0lid Bocket Booster § 5 (right) 7 3&7 a.0 21.0 a
IMO/ Rccelerocmeter (right) a 2322 108_.3 1.0

IMUO/ Accelerometer (left) = 2323 108.3 -1.0 -2
Aft Payload Gyro (a) 10 2175 -186_.7Z a.a -0
Lft Payload Gyro (b) 11 e = -18&6.7Z a.a -0
Booster Gyro (right) 12 372 -lea.72 0.0 =0
Booster Gyro (left) 13 1372 -166_.72Z a.a -0
Forward Payload Gyro 14 1502 a.a a.a a

At this point a bar chart comes up on a screen dialog from where the user can select the dominant flex
modes. It shows the modal strengths by means of vertical red bars, and the height of each bar is
logarithmically proportional to the relative mode strength. The mode strengths were calculated
between the 5 engine forces and the roll sensor. The results would have been different if different
forces and measuring directions were chosen. The strong modes are tall and the weak modes are short.
The modal strength is not a physical number but it is measured relative to the weakest mode. The user
manually selects some of the strongest modes by pointing the mouse cursor at the bar and clicking the
mouse. The modes change color from red to green when they are selected. Notice, that the first six
modes, although strong, they were not selected because they are rigid-body modes. The rigid-body
dynamics are already included in the vehicle model. The mode selection was repeated in all three roll,
pitch and yaw directions in order to capture the dominant modes in all 3 rotational axes. In yaw axis
selection the 5 excitation forces are pointed in the +Y direction and the gyro sensor is placed in the
same structural location but measuring in the positive yaw direction.
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B Mode Selection Graph
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The bar chart above is showing the relative mode strength for each mode and the selected modes are
shown in green. In this case we select 29 flex modes (from all 3 directions) and press the "Enter" key
to complete the mode selection. The mode selection program will create a smaller subset of the
original modal data set and it will save it in the input data file “Shuttle-Stg1-T55.Inp”, under a separate
title: “Flex Modes for Shuttle Ascent, Max_Q, T=55 sec”. The selected modal data-set will contain
modal frequencies and mode shapes only for the selected modes and only at the locations defined in
the flight vehicle model, such as, the engine gimbals, the sensors, the slosh mass locations, and the
disturbance point.

Before closing, the mode selection program the user may also type-in some notes regarding the
conditions and criteria applied in the mode selection process for book keeping purposes. The notes
describe, for example, information regarding what kind of modes were selected and the conditions of
mode selection, the excitation and measurement points, directions, etc. This information will be
included as comments below the title in the selected modes set in file “Shuttle-Stgl_T55.Inp”. The title
of the selected modes set must also be included at the bottom of the flexible vehicle input data set
(below the number of flex modes). This is how the flight vehicle modeling program will associate the
flex modes with the vehicle input data.
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2.2 Processing the Input Data in Batch Mode

The systems which are already saved in file “Shuttle_Stgl T55.Qdr” are Flixan generated systems that
have been created after processing the input data file “Shuttle_Stgl T55.Inp”. The only matrix in this
systems file that is not a Flixan output but it has been manually placed there is the TVC matrix on the
top of the file. This matrix must be preserved in the systems file after reprocessing it. We will now
process the input data in batch mode because it is much faster. Batch processing requires a batch data-
set that is usually located at the top of the input data file. Let us take a look inside the input file:
“Shuttle_Stgl_T55.Inp”.

1.

The first set of data in this file is a batch for processing the remaining data-sets in batch mode.
Its title is "Batch for preparing the Shuttle Ascent, First Stage Max-Q, Coupled Axes Models".
Below the title there are comment lines describing the models created by this file, followed by
the batch instruction lines. Each batch instruction line corresponds to a data-set in the file that
will be processed by Flixan. Notice that the first instruction line "Retain Matrix: Shuttle Stage-
1 TVC Matrix at Max-Q" is for preserving the TVC matrix after re-processing the systems file.

The next two data-sets below the batch generate two vehicle models in the same max-Q flight
condition. The first one is a rigid-body model and its title is "Shuttle Ascent, Max_Q, T=55 sec
(Rigid Body)". The second one is a high order model that includes flexibility, slosh, and tail-
wag-dog dynamics. Its title is "Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and
TWD". This system is also discretized at 40 (msec) by an s to z transform set. Its title is "Shuttle
Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD, Z-transform". These systems are
also saved in files "Vehicle_rb.m", "Vehicle_flex_s.m", and "Vehicle_flex_z.m", which are
loaded into Matlab for further analysis.

The next data-set is a collection of 29 selected modes both symmetric and anti-symmetric
which are combined with the second vehicle model and introduce flexibility in the model. The
selection of this set of modes by the mode-selection process was described in section (2.1). The
modal data title is "Flex Modes for Shuttle Ascent, Max_Q, T=>55 sec" and it is also included in
the vehicle data.

The next two data-sets are actuator data used to generate actuator models for the Shuttle main
engines and for the rocket booster nozzles. Their titles are: "Shuttle Main Engine Actuator” and
"Solid Rocket Booster Actuator” respectively. The actuator model outputs include deflection,
rate, and acceleration. The inputs include deflection command and load-torque feedback. These
two systems are also saved in files "Actuator_ssme.m" and "Actuator_srb.m" for Matlab
analysis.

The next set of data combines 5 actuators together in parallel, 3 SSMEs and 2 SRBs. Its title is
"System of Five Actuators". This system is also discretized at 40 (msec) and its title is "System
of Five Actuators, Z-Transform”. Two of these systems will be used, one for pitch and one for
yaw TVC deflections. The continuous and discrete actuator combination systems are also saved
in files "Actuators_5s.m" and "Actuators_5z.m" respectively.

The next data-set consists of 8 transfer-functions used to represent the sensor dynamics (IMU,
gyros, and accelerometers). Its title is "IMU, Gyro, Accelerometer Sensors". This system is also
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discretized at 40 (msec) and its title is "IMU, Gyro, Accelerometer Sensors, Z-transform”. This
system is also saved in file "Sensors_z.m".

7. The next two sets are transfer-function systems that define the pitch and lateral discrete flight
control system for the Space Shuttle at max-Q. The sampling rate is 40 (msec). Their titles are
"Pitch Axis Discrete FCS" and "Lateral Axes Discrete FCS (Roll/Yaw)". Flixan converts these
transfer-function interconnection data-sets to state-space systems. These system are also saved
in files "Pitch_FCS.m" and "Lateral _FCS.m" respectively for Matlab analysis.

8. The next data-set is a systems interconnection that combines the flexible pitch vehicle model
with the actuators, and the sensor dynamics in a single continuous subsystem. The
interconnection includes tail-wag-dog and load-torque feedback dynamics as already described.
Its title is "Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)”. This system is
discretized at 40 (msec) using the s to z conversion utility. The discrete system's title is
"Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)". These two
systems are also saved in files "Vehi_Plant_s.m" and " Vehi_Plant_z.m " for Matlab analysis.

9. The next set is a transfer function used for shaping a gust pulse. Its title is "Wind Gust
Shaping".

10. The next data-set is a systems interconnection that combines four discrete systems together: the
discrete plant model created in step-8, the discrete pitch and lateral flight control systems
created in step-7, and the wind-gust shaping filer created in step-9. Its title is "Open-Loop
System (Plant + FCS)". This system is also saved in file "open_loop.m".

11. The remaining data-sets are used to convert the systems from file “Shuttle_Stgl T55.Qdr” to
Matlab format and they will be loaded in Matlab to perform system analysis.

To run the batch mode utility in Flixan you must first | Select a Project Directory [ S
select the project directory *“...Examples\ Shuttle
Ascent\ Coupled Vehicle” and go to the Flixan main C:\Flixan\Examples\Shuttie Ascent|Coupled Vehicle
menu and click on “Edit”. Then go to “Manage Input Missile with Wing T
Files”, and then “Process/ Edit Input Data”. ‘ Multi-Engine First-Stage Liquid B
Payload Damper
“ur Flixan, Flight Vehicle Modeling & Control System Analysis Robust Analysis Param Uncertai =
. Rocket Plane
File | Edit | Analysis Tocls View Quad Help P Shuttle Ascent
Manage Input Files (*Inp) * Create or Edit Batch Data : Coupled Vehide
Manage System Files (*.Qdr) » Process / Edit Input Data Docs
Old
. . . . . . Fitch Analysis L
This will open the utility dialog for processing input 3 M b
data, as shown below. The menu in the upper left hand
side of the dialog displays all the input data files ok ) [ camel |
(having an extension .inp) existing in the project

directory. In this case there is only one input data file
“Shuttle_Stgl T55.Inp” and we select it by clicking on "Select Input File™. The menu on the right side
shows the data-sets which are included in file "Shuttle_Stgl T55.Inp". It shows the utility program that
will be used for processing each set followed by the title of the data set in one line. Each set may be

processed individually, but in this case we select the batch set on the top to process them all together
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and click on “Process or View Input Data” to process the batch. Flixan will process the input file and

create the systems in file "Shuttle_Stgl T55.Qdr". It will also create the Matlab system files.

ns in file "Shuttle_Stg1_T55.Qar". It will also create the Matlab syster files.

Point to an Input Data Filename Esit
and Click on "Select Input File"  The following sets of input data are in file: Shuttle_Stgl_T55.Inp £l |

IShutrIE_Stgl_TSS_Inp Bun Batch Mode Batch for preparing the Shuttle Rscent, First Stage Max—(, Coupled IZxes Models
Fl:?.ght V’eh:?.cle Shuttle Ascent, Max {, T=55 sec (Rigid Bﬂ-l':‘l}g’:' )
Flight Vehicle Shuttle Ascent, Max {, T=55 sec, Flex Vehicle with Slosh and TWD
Modal Data Flex Modes for Shuttle Rscent, Max §, T=55 sec
§-Z-Transform Shuttle Ascent, Max Q, T=55 sec, Flex Vehicle with Slosh and TWD, Z-transform
Actuator Model Shuttle Main Engine Rctuator
Actuator Model Solid Rocket Booster Actuator
System Conmnection: System of Five Actuators
Transf-Functions : IMU, Gyro, Accelerometer Sensors
S5-Z-Transform : System of Five Actuators, Z-Transform
5-EZ-Transform : IMU, Gyro, Accelerometer Sensors, Z-transform
Transf-Functions : Pitch Axis Discrete FCS
Transf-Functions : Lateral Axes Discrete FCS (Roll/Yaw)

System Connection: Shuttle PFlant Model at Max—(Q (Flex Vehicle, Actuators, Sensors)
5-Z-Transform Discrete Shuttle Plant Model =2t Max—{ (Flex Vehicle, Actuators, Sensors)
Transf-Functions Wind Gust Shaping
Select Input S ion- -
y Edit File| |S¥stem Connection: Open-Loop System (Plant + FCS)
File To Matlab Format : Shuttle Stage-1 TVC Matrix =t Max—§
To Matlab Format - Shuttle Rscent, Max {, T=55 sec (Rigid Body)
To Matlabk Format : Shuttle Rscent, Max ), T=55 sec, Flex Vehicle with Slosh and TWD
To Matlaeb Format : Shuttle Main Engine Actuator
To Matlab Format : Solid Rocket Booster Actuator
Delete Data SetinFile | (7o matlab Formst : Piteh Axis Discrete FCS
To Matlab Format : Lateral Axes Discreste FC5 (Roll/Yaw)

Process or View Input
Data

To Matlabk Format System of Fiwve Actuators

To Matlab Format Shuttle Plant Model at Max-{ (Flex Vehicle, Actuators, Sensors)

To Matlab Format Shuttle Ascent, Max §Q, T=55 sec, Flex Vehicle with Slosh and TWD, Z-transform
To Matlak Format Discrete Shuttle Plant Model =zt Max-{Q (Flex Vehicle, Rctuators, Sensocrs)

To Matlab Format System of Five Actuators, Z-Transform

To Matlabk Format IMU, Eyro, ARAccelerometer Sensors, I-transform

Relocate Data Set in File

Copy to Another File

View Data-5et Comments

m

This batch set creates Space Shuttle Ascent models at Max Dynamic Pressure which occurs 65 seconds after lift-off. A rigid-body model iz created and a
flexible model with 29 mixed symmetric and anti-symmetric flex modes. Fuel sloshing for the External Tank iz also included in the flex model and the tail-
wags-dog option is furned on. Two actuator models are created, an SSME and an SRB, and they are combined together to form a system of b actuators. one for
each TVC engine. Two sets of b actuator subsystems are required. for pitch engine deflections (dy). and for yaw deflections (dz). The sensor dynamics are also
included. The pitch and lateral flight control systems are contructed in the z-domain with 40 msec sampling period. Flex vehicle. actuators. and sensors are

Process Input Data Files

Paint to an Input Data Filename
and Click on "Select Input File"  The following sets of input data are in file: Shuttle_Stgl_T55.Inp

IShuttIe_Stg']_TES,Inp Bun Batch Mode : Bateh for preparing the Shuttle Rscent, First Stage Max—{),
Flight Vehicle : Shuttle Rscent, Max @, T=55 sec (Rigid Body)

iah ah o Soarn — = o ah

Flight Wehicle Shuttle Ascent, Max O, T=55 sec (Rigid Body)

Flight Vehicle Shuttle Ascent, Max O, T=55 sec, Flex Vehicle with Slosh and TWD
Actuator Model Shuttle Main Engine Actuator

Actuator Model Solid Rocket Booster Actuator

Tranaf-Function Pitch Axis Diacrete FC35

Tranaf-Function Lateral Axes Discrete FCS (Roll/Yaw)

Tranaf-Function Wind Gust Shaping

Syatem Connection: System of Five Actuators

Tranaf-Function : IMJ, Gyro, Accelerometer Sensors

System Connection: Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Senaors)
5-Z-Tranaform : Shuttle Ascent, Max O, T=55 sec, Flex Vehicle with Slosh and TWD, Z-transform
S-Z-Tranaform : Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuatora, Senasora)
5-E-Transform : System of Five Actuators, E-Transform

5-Z-Tranaform : IMU, CGyro, Accelerometer Sensora, Z-transform

Syatem Connection: Open-Loop System (Plant + FCS)

To Matlab Format : Shuttle Stage-1 TVC Matrix at Max-Q

To Matlab Format : Shuttle Ascent, Max Q, T=55 sec (Rigid Body)

To Matlab Format : Shuttle Ascent, Max O, T=55 sec, Flex Vehicle with Slosh and TWD

To Matlabh Format : Shuttle Main Engine Actnator

'~ Mot1a 'mrma _ Tratam A Stra B Tiatnra F=Traomnaofrrm
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The batch utility will save all the systems generated by the various Flixan programs in the systems file
“Shuttle_Stgl_T55.Qdr”. Since this file already exists and it may contain info that needs to be saved,
the batch processing program will ask the user if he wants to replace the old systems file with a new
“Shuttle_Stgl T55.Qdr” file. In this case we answer “Yes” because the TVC matrix is preserved with
a "Retain Matrix" statement in the batch set.

Replace Systems File? |g|

2P The swstems filename: Shuttle_Stgl TSS.Qdr
u‘_',/‘ already exisks, Do yau want bo create it again?

Yes Mo |

The above display shows the batch instructions while Flixan is processing the data. Each statement line
calls a separate Flixan utility program and passes it the title of the corresponding input data. The
instruction line is highlighted while it is being processed. The batch executes each instruction line
separately starting from the top of the list. The utility program processes the data, creates a system and
saves it in the systems file. It is also calling the “Export to Matlab” utility which converts the
subsystems to Matlab format. Let us now take a closer look at each instruction line in the batch.

1. Retain Matrix: Shuttle Stage-1 TVC Matrix at Max-Q: The first instruction is for
preserving the TVC matrix in the systems file “Shuttle_Stgl T55.Qdr” when you re-process
the input data.

2. Flight Venhicle: Shuttle Ascent, Max_Q, T=55 sec (Rigid Body): This instruction calls the
flight vehicle modeling program to create a rigid body model for the Shuttle vehicle at max
dynamic pressure.

3. Flight Vehicle: Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD: This
instruction also calls the flight vehicle modeling program to create a high order Shuttle model
at max dynamic pressure that includes TWD, flex, and slosh. It uses the modal data set “Flex
Modes for Shuttle Ascent, Max_Q, T=55 sec”, which was created in Section 2.1.

4. Actuator Model: Shuttle Main Engine Actuator: This instruction calls the actuator modeling
program to create a hydraulic type-B model for the SSME, using the SSME parameters.

5. Actuator Model: Solid Rocket Booster Actuator: This instruction calls the actuator modeling
program to create a hydraulic type-B model for the SRB, using the SRB parameters.

6. Transf-Function: Pitch Axis Discrete FCS: This instruction calls the transfer function
modeling program to create a state-difference system (sampled at 40 msec) for the discrete
pitch flight control system at Max-Q.

7. Transf-Function: Lateral Axes Discrete FCS (Roll/Yaw): This instruction calls the transfer
function modeling program to create a state-difference system (sampled at 40 msec) for the
discrete lateral flight control system at Max-Q.
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10.

11.

12.

13.

14.

15.

16.

17.

Transf-Function: Wind Gust Shaping: This is a discrete second order transfer function used
for wind gust modeling. It shapes a square pulse (generated by Simulink) to a smoother and
more realistic gust excitation input.

System Connection: System of Five Actuators: This instruction uses the systems inter-
connection program to combine five actuators in parallel, three SSME and two SRB state-space
systems obtained in steps 4 and 5.

Transf-Function: IMU, Gyro, Accelerometer Sensors. This instruction uses the transfer
function interconnection program to generate a combined state-space model for the IMU, rate
gyro, and accelerometer sensor dynamics, which are defined in terms of transfer functions.

System Connection: Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors):
This instruction uses the systems interconnection program to create a continuous plant model
consisting of the flex vehicle, the sensors, and two sets of 5 actuator subsystems, obtained in
steps 3, 10, and 9. One set of 5-actuators is used to drive the pitch gimbals, and the other set
drives the yaw gimbals for the five vehicle engines.

S-Z-Transform: Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD, Z-
transform: This instruction discretizes the flexible vehicle model created in step-3, using the z-
transform and a 40 msec sampling rate.

S-Z-Transform: Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators,
Sensors): In this step we discretize the plant model created in step-11, using the z-transform
and a 40 msec sampling rate

S-Z-Transform: System of Five Actuators, Z-Transform: In this step we discretize the
system of five parallel actuators created in step-9, using the z-transform and a 40 msec
sampling rate.

S-Z-Transform: IMU, Gyro, Accelerometer Sensors, Z-transform: This instruction
discretizes the flight control sensors subsystem which was created in step-10, using the z-
transform and a 40 msec sampling rate.

System Connection: Open-Loop System (Plant + FCS): This instruction uses the systems
interconnection program to combine four discrete subsystems and a matrix: (a) the discrete
plant model obtained in step-13, (b) the pitch flight control system obtained in step-6, (c) the
lateral flight control system obtained in step-7, (d) the wind-gust shaping function obtained in
step-8, and (e) the thrust vector control matrix TVC that was already in the systems file and
was retained by step-1. It combines all these subsystems and creates an open-loop system. This
system will be loaded to Matlab for frequency domain analysis and simulations. The feedback
loops will be closed in the Simulink models.

To Matlab Format: Shuttle Stage-1 TVC Matrix at Max-Q: This instruction converts the
TVC matrix to Matlab -ascii format in file “TVC.Mat”.
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18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

To Matlab Format: Shuttle Ascent, Max_Q, T=55 sec (Rigid Body): This instruction
converts the rigid-body vehicle model to Matlab format in file “Vehicle_rb.m”.

To Matlab Format: Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD:
Converts the flexible vehicle model to Matlab format in file “Vehicle_flex_s.m”.

To Matlab Format: Shuttle Main Engine Actuator: Converts the SSME actuator model to
Matlab format in file “Actuator_ssme.m”.

To Matlab Format: Solid Rocket Booster Actuator: Converts the SRB actuator model to
Matlab format in file “Actuator_srb.m”.

To Matlab Format: Pitch Axis Discrete FCS: Converts the discrete pitch flight control
system to Matlab format in file “Pitch_fcs.m”.

To Matlab Format: Lateral Axes Discrete FCS (Roll/Yaw): Converts the discrete lateral
flight control system to Matlab format in file “Lateral_fcs.m”.

To Matlab Format: System of Five Actuators: Converts the combined system of five
actuators to Matlab format in file “Actuators_5s.m”.

To Matlab Format: Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors):
Converts the combined plant model to Matlab format in file “Vehi_Plant_s.m”.

To Matlab Format: Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD,
Z-transform: Converts the discrete flex vehicle model to Matlab format in file “Vehicle_flex-
z.m”.

To Matlab Format: Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators,
Sensors): Converts the discrete plant model to Matlab format in file “Vehi_Plant_z.m”.

To Matlab Format: System of Five Actuators, Z-Transform: Converts the discrete system
of five actuators to Matlab format in file “Actuators_5z.m”.

To Matlab Format: IMU, Gyro, Accelerometer Sensors, Z-transform: Converts the
discrete sensors subsystem to Matlab format in file “Sensors_z.m”.

To Matlab Format: Open-Loop System (Plant + FCS): Converts the discrete open-loop
system to Matlab format in file “Open-Loop.m”.
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2.3 Lateral Axes Digital Flight Control System

The lateral flight control system is defined as a combination of discrete transfer functions sampled at
40 msec. The transfer function interconnections title is: “Lateral Axes Discrete FCS (Roll/Yaw)” and
the data are in file “Shuttle_Stgl T55.Inp”. The flight control system inputs are: yaw attitude error
(We) in (radians), roll attitude error (®e) in (radians), yaw rate (r), roll rate (p), in (rad/sec), and lateral
acceleration (Ny) in (ft/sec?). The outputs are roll and yaw flight control demands (DP_TVC and
DR_TVC) to the thrust vector control matrix. The transfer functions interconnection program converts
the data to a discrete state-space system. In this case it is executed by the batch. To run the transfer
functions program manually, go to “Analysis Tools” then to “Create State-Space Systems” and then to
“Combine Transfer Functions”. In the filename selection menu the user selects the input data and
systems filenames used in this project. In the transfer functions interconnection title selection select
“Lateral Axes Discrete FCS (Roll/lYaw)”. Run the selected set and the transfer function
interconnections dialog appears showing the interconnection info. Click on “Run” to execute it. The
program transforms the lateral FCS transfer function interconnection data into a state-space system and
saves it in file “Shuttle_Stgl T55.Qdr”, under the same title: “Lateral Axes Discrete FCS (Roll/Yaw)”.
The discrete FCS is also exported to Matlab as a state-space system m-file “lateral_fcs.m” in directory
“\Shuttle Ascent\Coupled Vehicle”. It will be combined with the vehicle and actuators to perform the
lateral stability analysis and simulations.

2.4 Stability Analysis

This example is mainly for tutorial purposes and the stability analysis is performed using three
different approaches of combining the various subsystems together. Three open-loop Simulink models
were, therefore, created and used for stability analysis. They are dynamically equivalent producing
very similar results but they were synthesized differently. Pitch and lateral are not separated but they
are dynamically coupled. All models consist of three loops (roll, pitch, and yaw) and for stability
analysis only one loop must remain open for frequency response analysis while the other two loops are
closed. The Matlab file “run.m” loads the state-space subsystems for the vehicle, actuators, pitch and
lateral flight control systems, and the TVC matrix to the Matlab workspace. They were created by the
batch in section 2.1 and converted to Matlab format as m-functions. The file "run.m™ uses these open-
loop models to calculate the Nichols and Bode plots for stability analysis.

rid= 180/pi: dZr=1/rZd: Ts=0.04: Padian to degres converts
[Afls,Bfls,Cfls,Dfls]= wvehicle flex s: Shuttle Ascent, Max_ 0, T=55 sec, Flex Vehicle with 3losh and TWD
[Aflz,Bflz,Cflz,Dflz]= wehicle flex z; Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Jensors)

[Alfc,Blfe,Clfe,Dlfe]= lateral fes;
[ipfe, Bpfe, Cpfe,Dpfc]= pitch_fes:

Lateral Flight Control System
Pitch Flight Control System
[Lzpl,Bzpl,Czpl,Dzpl]= wvehi_plant_=z=: Load Discrete Plant (Vehi, Actuat, Sensors)
Actuators

Actuators, Z-Transform

IMU, Gvro, lerometer Sensors, Z-transform
Open-Loop System (Plant + FC3)

Shuttle 3Stage-1 TVC Matrix at Max-Q

[Acts,Bots, Cots, Dots] = actuators_5Ss;
[Actez,Betz, Cotez,Dote] = actuators_SEz;
[Asz, Bsz, Csz, Dsz]
[Lal, Bol, Col, Dol]
load TVC.Mat -ascii

System of Fiwve

System of Fix
= Sensors_z;

open_loop:

B B U Y

[As,E=s,Cs,Ds]= dlinmod|'Sen=sitivicy',0.04): % Wind-Gust Sensitivity Analys Model
[Lo,Bo,Co,Do]= dlinmod('Cpen Flexl',0.04); % Continuous Open-Loop Simulink Flex Model-1
5[Ao,Bo,Co,Do]= dlinmod('Open Flex2',0.04); % Continucus Open-Loop Simulink Flex Model-2Z

syso= 55 (Ao,Bo,Co,Do,Ts): Create Open-Loop 55 System

syss= 35 (As,Bs,Cs,Ds,Ts): Create Closed-Loop 35 System
w=logspace (-2.5, 2, 24000);
figure(l): Nichols(syso, w)
figure(Z): Bode(syso,w)

Define Fregu Range
Plot Nichol's Chart
Plot EBode

Plot Nyguist

P ]

figure(3): Zigmaisyss,w)
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Option-1 All Subsystems Combined in Simulink

Figure (2.4.1) below shows the first open-loop analysis model where the subsystems that were created
in Flixan are combined together using the Simulink model “Open_Flex1.mdl”. The frequency response
analysis is performed using the file (run.m) in Matlab which calls the Simulink model.

Shuttle Stage-1 at Max-Q, Pitch and Lateral Coupled, Open-Loop Model-1

Flight Control Feedbadk Loops
Sensors z X "
Flex Vehicle Pitch FCS
Pitch OY )
Actust theta P|thei  theo I |thets
ptch ) _
dy e(dyc  dy |y ke = |0 90 k] 0Q_ VG
o= roll e o e oo e
. e [TLy dydd L |
- Wy phi p|phi  pho | phi-=r

- J-dyrdd
" TVE i 5 . DPTVC

- psi - |psi = o pzi-ar -

matrix
p-fle i P P
- |dzC dz - |dz . i . . out
oAb > (D)
TLz dzdd Ny P (Myi Ny o= My :
Yaw Loop is Opened ‘Yaw DZ s Ty —— Cutput
Pitch and Roll Loops are Closed Actust Ll
TLz _|
Load-Torgue Feedback {ft

Figure 2.4.1 Simulink Model “Open_Flex1.mdl” for Open-Loop Analysis

The Matlab file creates the three Nichols plots, shown in Figure (2.4.2). The Simulink model in Figure
(2.4.1) must be modified by opening and closing the appropriate loops before running the file run.m.
For stability analysis we must open one loop at a time and close all the other loops. For yaw analysis,
for example, we open the yaw loop and close the roll and pitch loops, as shown above. For roll
analysis, on the other hand, we close the yaw and pitch loops and calculate the frequency response
across the opened roll loop. We must include a (-1) gain in the opened loop in order to place the
critical point correctly on the Nichols or the Nyquist plots (assuming positive feedback). The vehicle
model is the continuous system "Shuttle Ascent, Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD"
from file "vehicle_flex_s.m". The pitch and yaw actuator subsystems are "System of Five Actuators"
loaded from file "actuators_5s.m". The sensors subsystem is "IMU, Gyro, Accelerometer Sensors, Z-
transform™ loaded from file "sensors_z.m". The TVC matrix is (10x3) loaded from file “TVC.mat” that
converts the roll, pitch, and yaw flight control demands to pitch and yaw actuator deflection
commands. The pitch and lateral FCS subsystems are loaded from files "pitch_fcs.m” and
"lateral_fcs.m" respectively.
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Yaw Axis Stability Analysis
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Figure (2.4.2) Nichols plots showing the stability margins in Roll, Pitch, and Yaw directions
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Option-2 Plant Model Combined Using Flixan

The second open-loop configuration model uses the subsystems that were partially combined in Flixan
and created the discrete plant “Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators,
Sensors)™. This model is loaded from file "vehicle_flex_z.m" and it is now running inside the green
block in the Simulink model “Open_Flex2.mdI”, shown in Figure (2.4.3) below with the roll loop
opened. The file (run.m) is used for the frequency response analysis.

(I)—p roll

Shuttle Stage-1 at Max-Q, Pitch and Lateral together,
Open-Loop Model-2

Plant Model

ptch dy

—

T™VG

Rell Locp Opened
Pitch and Yaw Loops are Closed

theta |

Fitch FCS

thets

q DQ_TVC

DR_TVC
My

out

Lateral FC5

The plant model was combined using Flixan

»(

Figure 2.4.3 Simulink Model “Open_Flex2.mdl” for Open-Loop Analysis Using Option-2, (the plant model is
combined using Flixan)

The Nichols plots in this case are very similar to the option-1 plots and they are not shown. There is a
4° difference, however, in the phase-margin. Option-1 has 4° less phase margin, possibly because
Simulink has difficulty handling the 10 algebraic loops in the load-torque mechanical feedback.
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Option-3 All Subsystems Combined in Flixan

In this configuration all the discrete subsystems were combined together in Flixan creating the discrete
system ““Open-Loop System (Plant + FCS)”. This model is loaded from file "open-loop.m™ and it is
running inside the green block in the Simulink model “Open_Flex3.mdl”, shown in Figure (2.4.4)
below. In the case shown below, the roll loop opened (pitch and yaw are closed). The frequency
response analysis is also performed using file (run.m) which must be modified to call the Simulink
model “Open_Flex3.mdl”.

Shuttle Stage-1 at Max-Q, Pitch and Lateral together,
Open-Loop Model-3

Open-Loop Roll Loop Opened
Plant + FCS Pitch and Yaw Loops are Closed
out
DP_TVCi DP_TVC ){-1 }
in 1 Roll
Output

——P»(DQ_TVCi DQ_TVC

DR_TVCi DR_TVC

Figure 2.4.4 Simulink Model “Open_Flex3.mdl” for Open-Loop analysis using option-3

The Nichols plots in this case are identical to the option-2 plots. However, instead of Nichols in this
case we are showing the Nyquist diagrams for the roll and pitch axes, see figures (2.4.5) and (2.4.6)
respectively.

51



Imaginary Axis

Imaginary Axis

Figure 2.4.5 Nyquist diagrams showing stability in the roll axis. The lower figure expands the area near the origin

Myquist Diagram

20 .

-20 !
18 16

-3
Real Axis

My quist Disgram

'
o

!

i

|

8]

[ -

05

05

0.4 -

o0z

Slosh 2.57 :

. (radisec)

-1.2

-0E
Real Axis

52

-0.4 -0.2 u]




Pitch Axis Stability

Myqguist Diagram

T T T T T T T T T T
10
@
=
=
£ o
&
E
L ! LOX Slosh at
- 3.13 (rad/sec)
Aero Mode at
0.28 (rad/sec)
0 - i ]
I i 1 1 1 I I 1 1 1
-2 o 2 = 6 8 10 12 14 16
Real Axis
Pitch Axis Stability
Nyquist Diagram
T T
0.4}
oz}
-1
o-rr—_— e -l
0.2
= :
Fang H
5 H
= 0.4 i
o .
E B
-0.5 - E
0.8 - LHZ Slosh at :
2.56 (rad/sec)
A ; _
1.2 1 1 i L
-1 -0.8 -0.5 -0.4 -0.2 o 0.z

Figure 2.4.6 Nyquist diagrams showing stability in the pitch axis. The lower figure expands the area near the origin
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2.5 Sensitivity Analysis to Wind Gusts

Figure (2.5.1) below is a closed-loop Simulink model in file “Sensitivity.MdI”, used for analyzing the
system's sensitivity to wind-gust disturbances. It is used to calculate the Singular Value frequency
response between the wind-gust input and the vehicle output at the rate gyros. The SV sensitivity
response is a measure of magnitude from all 3 gyros (roll, pitch, yaw) combined in response to the gust
excitations across the relevant frequency range. The gust direction is defined in the vehicle data, set at
(45° azimuth and 90° elevation) to excite both pitch and lateral dynamics simultaneously.

Shuttle Stage-1 at Max-Q, Pitch and Lateral Coupled,
Closed-Loop Sensitivity Analysis Model

Pitch FCS
theta P |theta
| -
P |ptch -
d > q-flx g DQ_TVC
P{roll
Nz PNz
—plyaw &
phi P |phi-er
TVC »|dzc
>
psi » | psi-er DP_TVC
p-fix »(p
r-fIx »(r
A —»ws DR_TVC
Gust Ny PNy
Flex Vehicle Lateral FCS
S
—> )
L » rates

Figure 2.5.1 Wind-Gust Sensitivity Analysis Model “Sensitivity.Mdl”
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The Matlab file “run.m” uses the closed-loop sensitivity model to calculate the sigma plot between
gust and the 3 gyros, as shown in Figure (2.5.2) below. It indicates that the rate gyros are sensitive to
the flex structure modes. It also shows a significant amount of sensitivity to aerodynamic disturbances
at around 0.8 (rad/sec). The sensitivity is mainly in the lateral direction and it is an indicator that the
Shuttle during ascent is sensitive to lateral wind disturbances in the frequency range between 0.1 to
0.14 Hz, at high dynamic pressures. This is an important finding because it shows that the vehicle is
vulnerable to wind excitations in this frequency range as it crosses various layers of atmosphere having
different wind speeds. The big vertical stabilizer amplifies this sensitivity to lateral winds which excite
roll oscillations that have been observed in actual flights.

Vehicle Sensitivity to Wind Gusts

Singular Yalues
=20

Flexibility
12.1
(rad/sec)
0 - —
18.5
Rate Gyros {rad/sec)
26.5
V_Gust el Aero frad/sec) | |
0.52
{raid/sec)

)
@
E]

g —
=
=
£
ol

ool . N | L Ll . L] )

10” 107 10” 10 10°

Freguency (radizec)

Figure 2.5.2 The Closed-Loop system is sensitive to Aero Disturbances at frequency 0.8 (rad/sec)

2.6 Coupled Vehicle Simulations

Similar to the stability analysis models, three Simulink models were created for simulation purposes in
directory "Shuttle Ascent\Coupled Vehicle”. They are dynamically equivalent, producing the same
results, but they were synthesized differently. The first Simulink model is “Sim-Flex1.mdl”, shown in
Figure (2.6.1), and it uses separate subsystems generated by Flixan and combined together in Simulink.
The second implementation is “Sim_Flex2.mdl” consisting of a plant model (vehicle plus actuators)
combined in Flixan, and the third model “Sim_Flex3.mdI”” which is entirely combined and discretized
using the Flixan program. A Matlab file “Pl.m” is used for plotting the simulation results.
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Option-1 All Subsystems Combined in Simulink

The first closed-loop implementation is in Simulink file “Sim_Flex1.mdl”, shown in Figure (2.6.1)
below. The subsystems in this model are the same as in Figure (2.4.1). They were created using Flixan
and combined in Simulink as shown. The vehicle model is the continuous system "Shuttle Ascent,
Max_Q, T=55 sec, Flex Vehicle with Slosh and TWD" from file "vehicle_flex_s.m". The pitch and yaw
actuator subsystems are "System of Five Actuators” loaded from file "actuators_5s.m". The sensors
subsystem is "IMU, Gyro, Accelerometer Sensors, Z-transform” loaded from file "sensors_z.m". The
pitch and lateral FCS subsystems are loaded from files "pitch_fcs.m™ and "lateral_fcs.m™ respectively,
and the TVC matrix is loaded from file “TVC.mat”.

Shuttle Stage-1 at Max-Q, Pitch and Lateral Coupled, Closed-Loop Simulation Model-1

Commands

Sensors z
Flex Vehicle Pitch FC5

thei theo theta

Pitch
Actustors

theta > @

¥

¥

Y

L
ol

dyc dy

b

g-flbe |0 qo b DO TWC
B |TLy  dydd Nz Jo=- | Nazi Fiv] = | Nz
|—}-:1,f-:-: ¥
i— > @—r i Fho phier Pteh gy
osi (I s pso plpsier  OT-T0C ol
B |dzr B |d dz1—
" : " p-fle P ci o S b=
TVC
—e{Tlz  dedd r-flb =i [} =1
dzdd DR_TWC
aw My =My Nya = (Myr
Actuators
TLy Lateral FC5
Tlz
Gust Pulse
[ft'sec)
Losd-Torgue (ft-lb)
yaw engine deflections (rad)
pitch engine deflections (rad)

Figure 2.6.1 Closed-Loop Simulink Model “Sim_Flex1.MdI”” used for Simulations
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Option-2 Plant Model Created in Flixan

In the second simulation model the flexible vehicle and the actuators are combined together using
Flixan to create a discrete plant model which is included inside the green block in Figure (2.6.2). The
discrete plant title is “Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)”.
The plant model is combined with the FCS, and the TVC by the Simulink model “Sim_Flex2.mdl”
shown in Figure (2.6.2) below.

Shuttle Stage-1 at Max-Q, Pitch and Lateral Coupled,
Closed-Loop Simulation Model-2

Attitude

Commands
LE
yaw
Flant Model
Pitch FCS
thets p@ - thzts
NN —— -l o DQ_TVC
Gust Pulse TVC_’
ft'sec) Nz = | Nz Matrix
ohi 3 h@—b phi-zr W |ptch
——|dyC o |
- ._@ - |psier DP_TVC rdl
dz
p-iibx I -y
-t -r
—|dzC DR_TvC
My | By

Lateral FC5
This plant model was combined using Flixan

waw engine deflections {rad)

pitch engine deflections

Figure 2.6.2 Closed-Loop Simulink Model “Sim_Flex2.Md|” used for time domain simulations
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Option-3 All Subsystems Combined in Flixan

In this configuration all the subsystems were
combined together in Flixan creating the
discrete system “Open-Loop System (Plant +
FCS)”. This system is loaded from file "open-
loop.m™ and it is running inside the green block,
in Simulink model “Sim_Flex3.mdI”, shown in
Figure (2.6.3) below. The inputs to the system
are: TVC demands, attitude commands, and
wind-gust velocity. The flight control loop is
closed via the TVC feedback.

Open-Loop System (Plant + FCS)

Shuttle Stage-1 at Max-Q, Pitch and Lateral
Coupled, Closed-Loop Simulation Model-3

Open-Loop
Plant + FC5
Attit Cmd
@—p WG TVGo

Gust Pulse
(ftisec)

This system was combined using Flixan

———>[]
phi2 phi
.

—| My
e CL)_" MY
Clook time o [
Wind-Gust gust D ,D
Shaper —FNZ Nz
2 NZ1
072 Any=Can)*+Duin)
(2 3 | E— - w | ¥iNECxinp+Duin) - -
[ = denis) v 7| =n+1)=Axin+Buin) b L D
we - Fate Trans Plant 3FCS m -alpha
= alfa
If
Open-Loocp E ]

attc @F{T ;
cmd

Definitions of Inputs = 7

DP_TWC (rall FCS demand input)
DQ_TVC (pitch FCS demand input)
DR_TVC (yaw FCS demand input)
Wind Gust Velocity (ft'sec)

Theta Attitude Command (rad)
Phi Attitude Command (rad)
Psi Attitude Command (rad)

Figure 2.6.3 Closed-Loop Simulation Model “Sim_Flex3.MdI”
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Definitions of Cutputs = 33

Roll Attitude (phi-body) (radians)
Pitch Attitude (thet-bdy) (radians)
Yaw Aftitude (psi-body) (radians)
Roll Rate Gyro (p-flex) (rad/sec)
Pitch Rate Gyro (g-flex) (rad/sec)
Yaw Rate Gyro (r-flex) (radisec)

Accelerom# 1, Y-ddot Accelerat. (ft'sec2)
Accelerom # 2, Z-ddot Accelerat. (f'sec'2)

Angle of attack, alfa, (radians)
Angle of sideslip, beta, (radian)

Load-Torque Pitch TLY-Eng-1
Load-Tarque Pitch TLY-Eng-2
Load-Targue Pitch TLY-Eng-3
Load-Torgue Pitch TLY-Eng-4
Load-Tarque Pitch TLY-Eng-5
Load-Torgue Yaw TLZ-Eng-1
Load-Torque Yaw TLZ-Eng-2
Load-Torque Yaw TLZ-Eng-3
Load-Torque Yaw TLZ-Eng-4
Load-Torque Yaw TLZ-Eng-5

Engine # 1 Pitch Deflection dy-1 (rad)
Engine # 2 Pitch Deflection dy-2 (rad)
Engine # 3 Pitch Deflection dy-3 (rad)
Engine # 4 Pitch Deflection dy-4 (rad)
Engine # 5 Pitch Deflection dy-5 (rad)
Engine #1 Yaw Deflection dz-1 (rad)
Engine # 2 Yaw Deflection dz-2 (rad)
Engine # 3 Yaw Deflection dz-3 (rad)
Engine #4 Yaw Deflection dz-4 (rad)
Engine # 5 Yaw Deflection dz-5 (rad)

DP_TWC (rall FCS demand output)
DQ_TVC (pitch FCS demand output)
DR_TVC (yaw FCS demand output)



Closed-Loop Simulation Results

Three sets of simulation results were obtained from separate runs using the simulation models. In the
first case, a wind-gust pulse is applied perpendicular to the vehicle x axis, at 45° between the +Y and
the +Z axes. The gust causes simultaneously alpha and beta transient angles which the flight control
system attempts to correct.

Wind-Gust (ft/sec)

Attitude (deg)

Rate Gyro [deg/s)

Shuttle Response to 30 (fty'sec) Wind Gust Pulse

30 T T T T T
25 —
20 —
15 —
10 —
5 —
0
5 | 1 1 | 1
20 40 50 50 100 120
Shuttle Response to 30 (ft'sec) Wind Gust Pulse
Phi
Theta
Psi
120
P
al
R
08 i | i i |
0 20 40 60 80 100 120
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Shuttle Response to 30 (ft'sec) Wind Gust Pulse
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In the second case, a 1 (deg) attitude command is applied in the pitch direction. The system response is

slow due to the load-relief that prevents developing large values of normal acceleration (Nz).
Shuttle Response to 1 (deg) Command in Pitch
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Shuttle Response to 1 (deg) Command in Pitch
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In the third simulation the vehicle is commanded to rotate 1° in roll. The left and right SSMEs and the
left and right SRBs deflect differentially in pitch to generate the rolling torque on the vehicle. The roll
attitude (¢) responds to the command after 2.5 sec. The maneuver causes transients in () and in the

(Ny) acceleration.
Shuttle Response to 1 (deg) Command in Roll
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Yaw Gimbals (deg) Pitch Gimbals [deg)

Pitch Load-Torque (ft-Ih)

Yaw Load-Torque (ft-Ih)

Shuttle Response to 1 (deg) Command in Roll

Time
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3.0 Shuttle Ascent Redesign Using H-Infinity Control

The Space Shuttle flight control system was designed in the mid 70's using classical methods, before
the robust control design methods where invented. It was designed based entirely on stability using
phase and gain margins as control criteria without taking into consideration directly the system
sensitivity to wind-gusts. The sensitivity analysis results show that the lateral system at high dynamic
pressures is very vulnerable to wind-gust disturbances with a peak resonance occurring at frequencies
around 1 (rad/sec), see Figure (3.1). This sensitivity is further aggravated by the fact that the
disturbance itself is cyclic and it occurs at approximately the same frequency, on the average. The
reason why the disturbance is cyclic is because the vehicle is ascending at a steep angle and it
encounters various atmospheric layers that have different horizontal speeds. The air-speed variations
occur with an average frequency of approximately 1 (rad/sec), almost the same frequency as the
sensitivity resonance. This sensitivity is mostly due to the vertical stabilizer and causes undesirable roll
oscillations.

Lateral system is
sensitive at
frequencies around
0.9 (rad/sec)

Singular Values (dB)

107 107 10° 10

Freguency (radizec)

Figure (3.1) The Sensitivity Function from Gust Velocity to Alpha/ Beta response has an undesirable resonance

This classical analysis and the sensitivity function calculation for the original Shuttle control design at
Max-Q is in folder "C:\Flixan\ Examples\Shuttle Ascent\Hinfinity Design\Original Shuttle FCS". The
file "run.m" loads the already discretized vehicle and flight control systems and calculates the
sensitivity function using the closed-loop model "Sensitivity.MdI", in Figure (3.2). The green vehicle
block consists of the system "Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators,
Sensors)" from file "vehi_plant_z.m" that already includes the actuators, sensors, and TWD. The FCS
subsystems are loaded from files "pitch_fcs.m™ and "lateral fcs.m". In addition to the sensitivity
model, a closed-loop simulation model "Simz.mdl", and an open-loop analysis model
"Open_Loop.mdl" are also included in this folder.
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Figure (3.2) Simulink System "'Sensitivity.MdI"" which calculates the Sensitivity Transfer-Function between the Gust
and the Angles of Attack and Sideslip

The question arises, how would we re-design the Shuttle ascent control system if the robust control
design methods were available? At high dynamic pressures the control emphasis is in minimizing the
normal loading on the vehicle due to winds and the command following performance is compromised.
The H-infinity method is very suitable in defining this performance versus sensitivity trade-off,
because in addition to stability it also takes into consideration the transfer-function between the
disturbance input and the vehicle response criteria. In this case we shall attempt to minimize the
transfer function between the gust input and the angles of attack and sideslip (o & ) which is
equivalent to the classical load-relief action applied in launch vehicles.

3.1 Pitch Axis H-infinity Design

At Max-Q the vehicle response to attitude commands is not a major issue and its response to pitch and
yaw commands is not expected to be very efficient due to an increased load-relief, which is feedback
from the accelerometers. The command response performance is sacrificed in order to gain sensitivity
reduction against winds. The load-relief system causes the vehicle to turn towards the wind, as soon as
the control bandwidth permits, in order to minimize the normal and lateral wind loading rather than
maintaining its commanded direction. This slows-down the command performance and the original
Shuttle design exhibits the same characteristic at high dynamic pressures.

The H-infinity method is based on a synthesis model (SM) of the vehicle plant, typically consisting

only of the rigid-body dynamics. The SM has two sets of input vectors and two sets of output vectors,

see Figure (3.3). The inputs are disturbances (w) and controls (u). The outputs are the criteria to be
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optimized (z) and measurements (y) which are processed by the control system to generate the controls
(u). The criteria to be minimized (z) are not necessarily measureable variables but they can be defined
by equations. The H-infinity methodology synthesizes a controller K(s) that closes the control loop
between the measurements and the controls. This controller minimizes the infinity norm of the transfer
function between the disturbance and the criteria. In this case, however, we know that the disturbance
is likely to occur at around 1 (rad/sec). It is possible, therefore, to introduce the disturbance as a 2"
order resonance inside the SM, as shown in Figure (3.4). This will entice the H-infinity algorithm to

provide additional control at that frequency in order to further attenuate the disturbance, as we shall
see.

Disturbance Criteria

(w) Plant 2)
Control G(S) Measurem

G v

Controller

K@©) T

Figure (3.3) Synthesis Model G(s) used in H-infinity Control Design. K(s) minimizes the Infinity-Norm of the
Transfer-Function between (w) and (z)

We assume that the gust disturbance
has the shape of the following
transfer function which can be
included in the design model

1.1°
s*+02s+1.1°

Kp
Frequency (rad/sec)

Singular Values (dB)
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Processing the Input Data in Batch Mode

Let us first create the systems and matrices that will be used in the pitch H-infinity design and analysis.
The files are in folder "C:\Flixan\Examples\Shuttle Ascent\Hinfinity Design\ Pitch Anal”. The systems
are generated by Flixan in file “Pitch_MaxQ.Qdr” by processing the input data file “Pitch_MaxQ.Inp”.
The batch set in file “Pitch_MaxQ.Inp” is used for processing the data-sets in batch mode. Its title is
"Batch for preparing the Pitch Shuttle Ascent Models at First Stage Max-Q, T=61 sec". It creates the
following systems.

e A pitch design system "Shuttle Ascent, Max_Q, Pitch Hinf Design Model" in file "pitch_des.m".
This system includes the TVC matrix and it is used to create the H-infinity SM. Its inputs are
pitch FCS demand and wind disturbance in (ft/sec).

e A second pitch system "Shuttle Ascent, Max_Q, Pitch Analysis with Slosh & TVC" in file
"pitch_anal.m". This system includes slosh and the TVC matrix. It is used for preliminary
stability and sensitivity analysis using Simulink files "Anal3.MdI" and "Sensit3.MdI".

e A plant system "Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)" in file
"plant.m". This system includes the actuator and sensor dynamics and it is combined together
using Flixan. It is used for the final (complete) analysis in Simulink systems "Anal4.Mdl",
"Sensit4.Mdl", and "Sim4.MdI" which perform stability and sensitivity analysis, and time
simulations.

To process the input file in batch mode using Flixan you must first select the project directory
“C:\Flixan\Examples\Shuttle Ascent\Hinfinity Design\Pitch Anal”, then go to the Flixan main menu
and click on “Edit”. Then go to “Manage Input Files”, and then “Process/ Edit Input Data”.

Select a Project Directory @

C:\Flixan\Examples\shutte AscentiHinfinity Design'Pitch An

, Robust Analysis Param Uncertai =
, Rocket Plane
4 | Shuttle Ascent
, Coupled Vehide
, Docs

m

4 | Hinfinity Design
, Docs
) Lateral Anal
J Original Shuttle FCS
J Pitch Anal -

Ok ] I Cancel

-~

= Flixan, Flight Vehicle Modeling & Control System Analysis

File | Edit | Analysis Tools View Quad Help
Manage Input Files (*Inp) k Create or Edit Batch Data

Manage Systemn Files (*.Qdr) k Process / Edit Input Data
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This will open the utility dialog for processing input data, as shown below. The menu in the upper left
hand side of the dialog displays the input data files (having an extension .inp) existing in the project
directory. In this case there is only one input data file “Pitch_MaxQ.Inp” and we select it by clicking
on "Select Input File". The menu on the right side shows the data-sets which are included in file
"Pitch_MaxQ.Inp". It shows the utility program that will be used for processing each set followed by
the title of the data set in one line. Select the batch set on the top to process the data in batch mode and
click on “Process or View Input Data”. Flixan will process the input file and create the systems in file
"Pitch_MaxQ.Qdr". It will also create the Matlab system files. Answer "Yes" in the next dialog to
overwrite the previous systems data. However, some of the data (TVC matrix, actuators, sensors) will
be preserved in file "Pitch_MaxQ.Qdr" after processing, because "Retain" statements are included in
the batch.

Process Input Data Files

Point to an Input Data Filename Esit
and Click on "Select Input File"  The following sets of input data are in file: Pitch_MaxQ.Inp
|P'|tch_|\.-'|axﬂ,|np Bun Batch Mode : Batch for preparing the Pitch Shuttle ARscent Models at First Stage Max—-f, T=&l1 sec
- Flight Vehicle : Shuttle Ascent, Max {, T=gl sec, (Design Model)
Pitch_MaxQ.Inp g . 2 = . g
System Connection: Shuttle Ascent, Max {, Design Mcdel with TVC
System Modificat : Shuttle RAscent, Max {, Pitch Hinf Design Model
Flight Vehicle : Shuttle Rscent, Max {, T=61 sec, Rigid-Body/ Slosh Analysis Model

System Connecticon: Shuttle Ascent, Max Q, Analysis Model with Slosh & TVC

System Modifieat : Shuttle AZscent, Max {, Pitch Znalysis with Slosh & TVC

Flight Vehicle : fhuttle Ascent, Max {, T=6l sec, Rigid-Body/ Slosh/ TWD/ Rccelercmet
System Connection: Shuttle Plant Model at Max—{ (Flex Vehicle, Actustors, Sensors)

To Matlzsbk Format : Shuttle Stage-1 TVC Matrix a2t Max—§

To Matlab Format : Shuttle AZscent, Max Q, Pitch Hinf Design Model

To Matlabk Format : Shuttle RAscent, Max {, Pitch Analysis with Slosh & TVC

To Matlak Format : Shuttle Plant Model at Max—Q (Flex Vehiele, Rctuators, Sensors)

Select Input L s .
File Edit File Replace Systems File? e
Process or View [nput
Data

@ The systems filename: Pitch_MaxQ.Qdr
b 4

[ . . -
L ' already exists, Do you want to create it again?
Delete Data Set in File =

Relocate Data Set in File

Yes Mo
Copy to Another File \
View Data-5et Comments
This batch sef creates Pitch Shuttle Ascent models at Max Dynamic Pressure. The models are used for H-infinity control design fo reduce the sideslip -

sensitivity to gusts. The average wind-gust frequencies are ot around 1 (rad/sec). The batch creates an H-infinity synthesis model and a stability/sensitivity
analysis model. The SM is augmented with 2 additional states fo capture the I (r/s) resonance. The analysis model includes the actuators, sensors, TWD
dynamics and the load-torgue feedback. The actuator and sensor subsystems were calculated from previous analysis and retained in the systems file together
with the TVC matrix. Different versions of the vehicle model are calculated. Flex is not included.

Figure (3.4) shows the H-infinity SM for the pitch axis. It uses the Flixan generated vehicle system
"Shuttle Ascent, Max_Q, Pitch Hinf Design Model" from file "pitch_des.m". The TVC is already
included in this system and the control input is a scalar pitch demand (dQ). The disturbance input (w)
is the wind-gust velocity in (ft/sec), also a scalar. The wind-gust direction relative to the vehicle body
is defined in the vehicle data to excite both pitch and lateral axes.
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Figure (3.4) Pitch Synthesis Model captured in Simulink file **Design.MdI**

Notice that the 1 (rad/sec) resonance is included in the SM and it is excited by the angle of attack (o)
which is the key variable to minimize. It introduces two additional filter states x1 and x2 which
become part of the measurement and also the criteria output vectors. The criteria consist of mainly
alpha related states because the angle of attack is directly related to the normal load and this is what we
desire to relieve at high Q. The criteria variables also include the pitch attitude and rate, and also the
control (dQ). The criteria penalties are attached in the diagonal matrix Q. Notice that the pitch attitude
(6) is not penalized much because, as we said, the command following is compromised at high
pressures. The weight on the control (dQ) prevents it from becoming too big under closed-loop control.
Increasing the dQ weight in matrix Q decreases the control bandwidth. On the other hand, increasing
the penalties that correspond to (o, X1, and x2) it improves sensitivity but it increases bandwidth. The
measurements vector consists of the five states, 3 vehicle and 2 filter. Notice that only the a-state is not
measurable and it must be estimated, mainly from Nz and the gimbal deflections (dy).

The Matlab file "run.m" loads the systems and the TVC matrix and performs the design and control
analysis. It uses the H-infinity method to design a (1x5) state-feedback gain Kp3 from the 5-states
vector (6, q, a, X1, X2) that appear in the measurements, although (o) is not directly measureable. The
H-infinity derived state-feedback matrix Kp3 minimizes sensitivity between the gust disturbance and
the criteria defined. Having designed the state-feedback controller the next step is to analyze the (o)
sensitivity to the gust disturbance. This is performed in the frequency domain by calculating the
singular-value response between the gust input and the angle of attack using the closed-loop Simulink
system "Sensit4.mdl" in Figure (3.5). Notice that the actual angle of attack () is used for output in the
sensitivity calculation. In the state-feedback, however, (o) is estimated using an a-estimator block,
shown in detail in Figure (3.6). Also the input to the disturbance filter (which calculates states x1 and
x2) is a-estimate rather than real alpha.
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za=180/pi; dzr=pi/180;

[Ad, Ed, Cd, Dd]= pitch des:

[An, En, Cn, Dn]= pitch anal:

[&p, Bp, Cp, Dpl= plant:

lopad TVC.mat -ascii

%... Beta Estimator parameters
Mass=83215; Sref= 2£90; (bar=745.4;
Thr=[470000, 470000, 470000, 0.245=7,

%... Hinfinity Design

% [Dgtwe, thet, o, alfa, =1,
g=diag([0.0&, 0.005, 0.2, 0.03, 0.03,
om=1.0; zt=0.14; EKp=om"Z; EKr=Z¥*zt¥om;

[Ad, Bd, Cd, Dd]= linmodi{'Design'):
sysd=METITD|(svs,5,1);

[E,CL,GAM, INFO] = hinfsvn(svysd):

Ep3=INFO.EFI(:,1:5)

$Ep3 = [0.3042 3.45392 0.5105

[Ao, Bo, Co, Dol= linmod('Anald'):;
[A=, Bs, C=z, D=s]= limmod('Zen=zitd'):

w=logspace (-3, 10000) ;

-
“

FPitch design plant
Simple analysis plant

T

Plant w actuat,sensors,
TVC Matrix

i

Cza=-0.0574;

0.245=7] ' ;

x2]

0.031);

sys= S5 (Ad,Bd,Cd,Dd) ;

0.0711 -0.2&870] »

Define Frequ Fange

o

TWD

syso= 33 (Ao, Bo,Co,Dao): % Create 35 System
sys3= 33 (As,EB3,C3,D3):; % Create 35 System
figure(l): Nicholsi(svso, w) % Plot MNichol's Chart
figure(2); Bode(syso,w) % Plot Bode
figure(3); Sigmaisvyss, W) % Plot Sensitivity
-~ theta
e file
» E: ; » plant.m L L
® = Ax+Bu
y = Cx+Du Lo >
@—h q Alpha
Woust Estimator - >~('“
o Kp2
Shuttle Plant Model at Max-Q fad xt | —f» F
(Flex Vehicle, Actuators, Sensors) | Y f-|Zdd  alphat g ElES
delta . b
alfa Cyi Filter
Tt L g U
alfa

Figure (3.5) Simulink System "*Sensit4.mdI"* used for Sensitivity Analysis
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Figure (3.6) Estimator of the Angle of Attack is using measurements from the Normal-accelerometer, Gimbal
Deflections, and Pitch Rate. It solves the following equation for (a). The pitch rate derivative compensates the
accelerometer measurement because it is not located at the vehicle CG.

M Z= (jsref CZaa+zTi 5yi

Notice that the big plant model "Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)"
from file "plant.m" is used in the sensitivity analysis model "Sensit4.mdl". This system does not
include the TVC matrix and it is added in the Simulink diagram (3.5). Figure (3.8) is a SV frequency
response plot that shows the alpha-sensitivity of the closed-loop system to wind-gust disturbances. A
similar Simulink model "Anal4.MdI" is used for the pitch axis stability analysis, see Figure (3.7). The
Bode and Nichols plots in Figure (3.9) show the pitch axis phase and gain margins.

Shuttle Plant Model at Max-Q
(Flex Vehicle, Actuators, Sensors)

- thets
Tve file

G » %: :—: » plant.m L L
In1 x = Ax+Bu
Uy
y = Cx+Du » L
E—’ q Alpha
Gust Exztimator - u
Crut
4 h Zdd q «l ) -Kp3
alfa .—b— Zdd  alphat | ElE]
delts x2 »
Dristurb:
L— |} Y
Filter
Dryi

Figure (3.7) Simulink System "*Anal4.mdI"* used for Pitch Stability Analysis
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Alpha Sensitivity to Gusts
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Figure (3.8) Sensitivity function between the gust velocity disturbance and the angle of attack. It shows how the
disturbance filter provides additional attenuation at the expected disturbance frequency which is around 1 (rad/sec).
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Pitch Axis Stability
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Figure (3.9) Open-Loop Nichols and Bode plots for the pitch axis system showing the phase and gain margins
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3.2 Lateral Axes H-infinity Design

A very similar approach is used in the lateral flight control system design where the original Shuttle
design demonstrated poor sideslip sensitivity to gust disturbances. The control system architecture is
shown in Figure (3.10). The flight control system, in addition to attitude step commands, it receives
also a load-relief feedback signal from the sideslip angle (B) which is estimated from the lateral

accelerometer (Ny).

Wind Gust
Excitation
Attitude
Command — Flight
Attitude/ Control
Rates System
S Vcehicle
en Dynamics
_g) yn B Bestim Load-
|, |eta »| Relief
N Estimator Filter
¥
8(:Om
Actuator [«

Figure (3.10) Lateral Control System Architecture has a load-relief feedback via a beta-estimator.

Processing the Input Data in Batch Mode

The analysis is similar to the pitch axis. The analysis files are in folder "C:\Flixan\Examples\Shuttle
Ascent\Hinfinity Design\ Lateral Anal”. The input file that creates the systems is “Lateral_MaxQ.Inp”.
This file is processed by Flixan and the systems generated are saved in “Lateral_MaxQ.Qdr”. There is
a batch set on the top of file “Lateral _MaxQ.Inp” that processes the data-sets in batch mode. Its title is
"Batch for preparing the Lateral Shuttle Ascent Models at First Stage Max-Q, T=61 sec". It creates the

following systems.

e A lateral design system "Shuttle Ascent, Max_Q, Lateral Hinf Design Model", saved in file
"later_des.m". This system includes the TVC matrix and it is used to create the H-infinity
synthesis model "design.mdlI”. Its inputs are roll and yaw FCS demands, and wind disturbance

in (ft/sec).

e A second lateral system "Shuttle Ascent, Max_Q, Lateral Analysis with Slosh & TVC", saved in
file "later_anal.m". This system includes slosh and also the TVC matrix. It is used for
preliminary stability and sensitivity analysis using the Simulink files "Anal2.MdI" and

"Sensitiv2.Mdl".
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e A plant system "Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)" in file
"plant.m". This system includes slosh and the actuator/ sensor dynamics. It is combined
together using Flixan, and used for the final (complete) analysis in the Simulink systems
"Anal4d.MdI", "Anal5.MdI" "Sensitivd.MdI", and "Sim4.MdI" which perform stability and
sensitivity analysis, and time simulations.

To process the input file in batch mode using Flixan you must first select the project directory
“C:\Flixan\Examples\Shuttle Ascent\Hinfinity Design\Lateral Anal”, then go to the Flixan main menu
and click on “Edit”. Then go to “Manage Input Files”, and then “Process/ Edit Input Data”. This will
open the utility dialog for processing input data, as shown below. The menu in the upper left hand side
of the dialog displays the input data files (having an extension .inp) existing in the project directory. In
this case there is only one input data file “Lateral_MaxQ.Inp” and we select it by clicking on "Select
Input File". The menu on the right side shows the data-sets which are included in file
"Lateral_MaxQ.Inp". It shows the utility program that will be used for processing each set followed by
the title of the data set in one line. Select the batch set on the top to process the data in batch mode and
click on “Process or View Input Data”. Flixan will process the input file and create the systems in file
"Lateral_MaxQ.Qdr". It will also create the Matlab system files. Answer "Yes" in the next dialog to
overwrite the previous systems data. However, some of the data, such as: TVC matrix, actuators, and
sensors, will be preserved in the systems file "Lateral MaxQ.Qdr" after processing, because "Retain"
statements are included in the batch.

Process Input Data Files

Point to an Input Data Filename Euit
and Click on "Select Input File"  The following sets of input data are in file: Lateral_MaxQ.Inp
|LatErE| I_MaxQ.Inp Bun Batch Mode = Batch for preparing the Lateral Shuttle Ascent, First Stage Max—{, T=61 sec
Flight Vehicle : Shuttle Rscent, Max §, T=&l sec, (Design Model)
L=z Eaing System Connection: Shuttle Ascent, Max @, Design Model with TVC

System Modificat : Shuttle Ascent, Max @, Pitch Hinf Design Model

System Modificat : Shuttle RAscent, Max @, Laterzl Hinf Design Model

Flight Vehicle : Shuttle Ascent, Max §, T=¢l sec, Rigid-Body/ Slosh Analysis Model
System Connection: Shuttle Rscent, Max @, REnalysis Model with Slosh & TVC

System Modificat : Shuttle Ascent, Max §, Laterzsl Enalysis with Slosh & TVC

Flight Wehicle : Shuttle Ascent, Max §, T=&1 sec, Rigid-Body/ Slosh/ TWD/ RAcceleromet
System Modifieat : Shuttle RAscent, Max §, T=81 see, Lateral Acceleromet, TWD

System Connection: Shuttle Plant Mpodel at Max-Q (Flex Vehicle, Actuators, Sensors)
5-Z-Transform : Discrete Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)
Flight WVehicle : Shuttle Rscent, Max §Q, T=6l sec, Rigid-Body/ Slosh/ TWD No Accelercom
System Modificat : Shuttle Ascent, Max §, T=861 sec, Lateral Rigid-Body/ Slosh/ TWD No Accelercm
To Matlabk Format : Shuttle Stage-1 TVC Matrix at Max—Q

To Matlab Format : Shuttle Ascent, Max {, Lateral Hinf Design Model

SEl'Ei:t_ Input Edit File | |Te Matlabk Format : Shuttle Rscent, Max @, Lateral Rnalysis with Slosh & IVC
File To Matlab Format : Shuttle Plant Model at Max—Q (Flex Vehicle, Actuators, Sensors)
P [nput To Matlak Format : Discrete Shuttle Plant Model at Max—-Q (Flex Vehicle, RActuators, Sensors)
Data I B} N
Replace Systems File? -

Delete Data Set in File

I.-"'_"‘-.I The systems filename: Lateral_MaxQ.Qdr
W' already evists, Do you want to create it again?

Relocate Data Set in File

Copy to Another File

View Data-Set Comments

This batch set creates Space Shuttle Ascent models af Max Dynamic Pressure. The models are used for H-infinity confrol design fo reduce the sideslip e
sensitivity to gusts. The average wind-gust frequencies are at around 1 (rod/sec). The batch creates an H-infinity synthesis model and a stability/sensitivity
analysis model. The SM is augmented with 2 additional states fo copture the I (r/s) resonance. The analysis model includes the actuators, sensors, TWD

dynamics and the load-torque feedback. The actuator and sensor subsystems were calculated from previous analysis and retained in the systems file together

with the TVC matrix. Different versions of the vehicle model are calculated. Mot all of them are used. Flex is not included.
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Figure (3.11) Lateral H-infinity Synthesis Model included in Simulink file "'Design.MdI"*

Figure (3.11) shows the H-infinity synthesis model for the lateral axes. It uses the Flixan generated
vehicle system "Shuttle Ascent, Max_Q, Lateral Hinf Design Model" from file "later_des.m". The TVC
matrix is already included in this system and the control inputs are roll and yaw demands (dP, dR). The
disturbance input (w) is the wind-gust velocity in (ft/sec). The wind-gust direction relative to the
vehicle body is defined in the vehicle data to excite both pitch and lateral axes. The 1 (rad/sec)
disturbance resonance is included in the SM and it is excited by the angle of sideslip () which is the
key variable to minimize by the H-infinity design. It introduces two additional resonance states x1 and
x2 which become part of the measurement and also the criteria output vectors. The criteria consist of
mainly beta related states because the angle of sideslip is directly related to the lateral load and this is
what we desire to relieve at high Q. The criteria variables also include the roll and yaw attitudes and
rates, and also the controls (dP, dR). The criteria penalties are attached in the diagonal matrix Q.
Notice that the attitudes (¢, ) are not penalized much because command following is compromised at
high pressures. The control penalties prevent them from becoming too big under closed-loop control.
Increasing the Q elements that correspond to the controls (dP, dR) decreases the control bandwidth. On
the other hand, increasing the penalties that correspond to (B, x1, and x2) it improves sensitivity but it
increases the control bandwidth. The measurements vector consists of the 7 states, 5 vehicle and 2
filter states. Notice that only the B-state is not directly measurable and it must be estimated, mainly
from Ny and the gimbal deflections (5z).

The Matlab file "run.m" loads the systems and the TVC matrix and performs the design and control
analysis. It uses the H-infinity method to design a (2x7) state-feedback gain KI3 from the 7-states
vector (¢, p, v, I, B, X1, x2) that appear in the measurements, although (B) is not directly measureable.
The H-infinity derived state-feedback matrix KI3 minimizes sensitivity between the gust disturbance
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and the criteria defined. Having designed the state-feedback controller the next step is to analyze the
(B) sensitivity to the gust disturbance. This is performed in the frequency domain by calculating the
singular-value frequency response between the gust input and the angle of sideslip using the closed-
loop Simulink system "Sensitiv4.mdI" shown in Figure (3.12). Notice that the actual angle of sideslip
(B) is used for output in the sensitivity calculation. In the state-feedback, however, (B) is estimated
using an p-estimator block, shown in detail in Figure (3.14). Also the input to the disturbance filter
(which calculates states x1 and x2) is -estimate rather than real f.

r2d=180/pi; d2Zr=pi/180;

om=1.2; zt=0.14; Ep=om"2; Kr=2*zt%*om; 3froq:
[Ad, Bd, Cd, Dd]= later des;

[An, Bn, Cn, Dn]= later_ anal:;

[Ap, EBEp, Cp, Dpl= plant:

load TVC.mat —-ascii

load orig.mat

%... Alpha/Beta Estimator parameters
Mass=93215; Sref= 2£20:; Cbar=745.4:

E L

Cyb=-0.0353;

Filter Characteristics
Lateral Hinf

Disturb
Shuttle
Shuttle
Shuttle
Shuttle
from Classical Design

Ascent, Max Q,

Max Q,
Plant Model at Max-Q (Flex
Stage-1 TVC Matrix at| Max-0Q

Ascent,

Cza=-0.0574;

Thr=[470000, 470000, 470000, 0.245=7, 0.245=7]';
%... Hinfinity Design ...
3% [DPtwe, DRtve, phi, P psi, r, beta, =1, ®x2]
¢o=diagi([0.0%, 0.12, 0.001, 0.1, 0.001, 0.1, O0.24, 0.13, 0.07]):
[Ad, EBd, Cd, Dd]= linmod|('d=ssign'):
sys = 55 (Ad,Bd,Cd,Dd)
sysd=METITO(sys,7,2):
[E,CL,GAM, INFQO] = hinfsyn(sysd,7,2):
El3=INFO.KFI(:,1:7):
Ep3 = [0.3042 3.4532 0.5105 0.0711 -0.2&70]1:
% [A0, Bo, Co, Dol= linmod('Anal2'):
% [A=, B=, C=s, D=]= linmod('Sensitivi'):
[z, Bo, Cao, Do]l= linmod('Ainals'):
[As, Bs, Cs, Ds]= linmod|'Sesnsitiv4d'):;
sw=logspaces (-3, 2.5, 10000) ; % Define Fregu FRange
syso= 55 (Ao,Bo,Co,Do) % Create 35 System
sysgsil= 35 (As,Bs,Cs,Ds): % Create 35 System
figure(1l); Nichols(syso,w) % Plot Nichol's Chart
figurei(2); Bode (sys0,w) % Plot EBode
sigi=3igmalisvyssi,w); % 3V Bode
figure(3); loglog(w,sigl,'r',w,sig2,'kbL') % Plot 5V Bode
Shuttle Plant Model at Max-Q
R ~
(Flex Vehicle, Actuators, Sensors) Lateral FCS
dP
albet
VG ym aR
b=t
® = Ax+Bu
y = Cx#Du
_ file al
Wgust plant.m
W
Pitch FC5
{DP, D2, DR) FC5 Fesdback

Figure (3.12a) Simulink System "'Sensitivd.mdI"" used for Sensitivity Analysis
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Figure (3.13) Simulink System "*Sensitiv2.mdI"" used for Preliminary Sensitivity Analysis. It has a direct
measurement of Beta (not estimate)
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Figure (3.12b) Lateral Flight Control System Used in *'Sensitiv4.mdlI""
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Figure (3.12¢) Pitch Flight Control System Used in "'Sensitiv4.mdI"
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Figure (3.14) Estimator of the Angle of Sideslip is using measurements from the Lateral-Accelerometer, Gimbal
Deflections, and Body Rates. It solves the following equation for (B). The rate derivatives compensate the
accelerometer measurement because it is not located at the vehicle CG.

My = 6Sref Cy B+ ZTi 0y

Notice that the big plant model "Shuttle Plant Model at Max-Q (Flex Vehicle, Actuators, Sensors)"
from file "plant.m™ is used in the sensitivity analysis model "Sensitiv4.mdl". This system does not
include the TVC matrix and it is added in the Simulink diagram (3.12a). This system for completeness
it includes also the pitch state-feedback loop via matrix Kp3 that was calculated in Section (3.1). A
similar Simulink model "Anal5.MdI" is used for stability analysis, see Figure (3.15). The loop opening
and closure in this case is configured for yaw stability analysis. The Bode and Nichols plots in Figure
(3.16) show the yaw axis phase and gain margins.
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Shuttle Plant Model at Max-Q
(Flex Vehicle, Actuators, Sensors)

Lateral FCS

L TvE dP
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" ? file ym o
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Figure (3.15) Simulink System "Anal5.mdI"* used for Yaw Stability Analysis
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Yaw Axis Bode Plot

Aero Bode Diagram

(5

(1)

Magnitude (dB)

L N | T T T T =
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10 10 10
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Figure (3.16) Nichols and Bode Open-Loop frequency response plots for the Yaw axis obtained using the Simulink
System ""Anal5.mdI"". It shows an additional resonance at 1 (rad/sec) introduced by the disturbance filter. The high
frequency resonance is typically attenuated with low-pass filters which are not included in this analysis.
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Alphal Beta Sensitivity to Gusts

(alpha, beta) The H-infinity design Original FCS Design
provides attenuation against
low frequency wind-shear
V gust
H-infinity Design
10° | -

The H-infinity design is tuned to
provide additional attenuation
against gusts at frequencies
between 0.5 and 1.5 (rad/sec)

Figure (3.17) Sensitivity analysis plot showing the singular values for the transfer-function between the
Gust input and (a, B) together. The frequency is in (rad/sec). It is comparing the sensitivity to gust
disturbances between the original Shuttle FCS design and the H-infinity design. The blue curve is
obtained using Simulink model **Sensitiv4.mdI'* in Figure (3.12). The red curve was obtained from the
original classical FCS design in section 3.0, Figure (3.1), as already described. The H-infinity design
demonstrates superiority in the sensitivity both: at low frequencies against wind-shear, and also at 1
(rad/sec) which is the anticipated frequency of wind-gust disturbances.
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3.3 Sensitivity Comparison Using Simulation

The following plots show a sensitivity comparison between the original and the H-infinity designs. The
systems are excited with superimposed sinusoidal disturbances at around 1 (rad/sec). The response
from the original FCS is obtained from the Simulink model "Simz.mdI" in folder "C:\Flixan\ Examples\
Shuttle Ascent\Hinfinity Design\Original Shuttle FCS", and the response from the H-infinity design is
obtained from the Simulink model "Sim4.mdI" in folder "C:\Flixan\Examples\Shuttle Ascent\Hinfinity
Design\Lateral Anal". The simulation results show that the H-infinity design significantly improves the
system's sensitivity to cyclic gusts mainly in the lateral direction.

Max-Q response to Random Wind Gusts (Original Classical Design) Max-Q response to random Wind Gusts (H-infinity Design)
T T T T T
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30 T T T T T
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Max-Q response to Random Wind Gusts (Original Classical Design) Wax-Q response to random Wind Gusts (H-infinty Design)
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Max-Q response to Random Wind Gusts (Original Classical Design) Max-Q response to random Wind Gusts (H-infinity Design)
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The results show that in addition to improving the lateral loading, the roll and yaw rates are
also significantly reduced by the H-infinity control design. The improvement, however, in the
pitch direction is not as significant because the original design was not as sensitive as the
lateral to begin.
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