Apollo Type Flexible Launch Vehicle

The flight vehicle in this example is similar to an
Apollo/Saturn type cylindrical booster such as the one
shown in the picture. It consists of two stages and
contains a spacecraft to be inserted into earth orbit. The
analysis that follows is during first stage and at
maximum dynamic pressure. During first stage the
vehicle is powered by a single 3 million pounds thrust
solid rocket motor (SRM) that gimbals in pitch and yaw
and provides acceleration in the x axis. Because of its
cylindrical symmetry the pitch and yaw axes are
identical and we shall, therefore, analyze stability only
in the pitch and roll axes. The roll axis is controlled by 8
RCS thrusters (4 pairs) located around the peripheral of
the cylinder at 90 degrees apart. Two left/ right pairs are
firing in the £z direction and two top/ bottom pairs are
firing in the xy direction. Since the vehicle is long and
skinny it is considerably flexible and the main purpose
of this study is to investigate the effects of structural
flexibility on vehicle stability. The objective of our
analysis is to define a satisfactory stiffness of the conical
inter-stage structure that joins the first and second stages
together. We will, therefore, analyze and compare the
stability of the control system using three separate finite
element model structures defined as: nominal stiffness,
soft, and stiff structural models. We will also analyze at
the vehicle responses to attitude step commands and to
wind-gust disturbances, measured from several gyros
and accelerometer sensors located in different parts of L o
the vehicle. For pitch axis stabilization the flight control system uses attitude and rate feedback from a
gyro. It also uses angle of attack feedback from a vane sensor that is located in the front part of the
vehicle. The alpha-feedback is also needed for load-relief during high Q-bar conditions. We conclude
that the load-relief system can reduce the aerodynamic loading on the structure by as much as 18%. Our
study in roll is to define the dead-band in the RCS jet control logic. We will create, therefore, a roll axis
flexible vehicle model, design the RCS logic, and define a dead-band that is small enough for tight roll
attitude control while avoiding too much thruster chattering.

Analysis

The analysis is separated in two parts: (a) the pitch axis analysis that uses the TVC, gyros and alpha
feedback for flight control, and load-relief, and (b) the roll axis analysis that uses the RCS jets for roll
control. The Flixan data files for the pitch analysis are located in the directory “Flixan\Examples \Apollo
\MaxQ Pitch”, and the data files for the roll analysis are in the directory “Flixan\Examples \Apollo\RCS
Jets”. The Matlab/ Simulink analysis is performed in the “Mat” subdirectories.



Pitch Axis Analysis

For pitch analysis we will create three flexible vehicle state-space models using different inter-stage
stiffnesses. We will design a flight control system (gains and filters) that stabilizes the pitch axis. We
will combine the vehicle, control system and TVC actuator systems together to create closed-loop
simulation models for Matlab/ Simulink. We will also create state-space models for open-loop frequency
response analysis that will be used to measure the system’s stability margins. The closed-loop
simulation models will also be used to determine the system’s response to noisy gust disturbances.

Input Data Files

The launch vehicle input data is in file “Apollo-MaxQ.Inp”. There are two vehicle data sets in this file: a
data set for creating a rigid-body model, “Apollo-20, Stage-1, Max-Q, Rigid Body”, and another set for
creating flexible vehicle state-space models “Apollo-20, Stage-1, Max-Q, 20 Flex modes”. The purpose
of this analysis is to compare vehicle stability using three different inter-stage structure designs: a
nominal inter-stage stiffness design, a soft design, and a hard inter-stage design. We have created,
therefore, three sets of modal data files from Nastran finite elements models. The three sets of modal
data are identical in every way except for the inter-stage stiffness, and each file contains 71 flexible
modes (rigid-body modes are not included). There is a nominal stiffness modal data file “Apollo-
Nom.Mod”, a soft modal data file “Apollo-Soft.Mod”, and a very stiff inter-stage structure file “Apollo-
Hard.Mod”. The pivoting TVC nozzle is not included in the finite elements model. The engine
resonance at the pivot caused by the actuator piston, load, and backup structures is included in the
actuator model. There is also a locations or “nodes” identification file “Apollo_Stgl.Nod” that is used in
the mode selection process.

We will use the three modal data files to create separate vehicle systems identical in every way except
for the type of flex modes and save them in three separate system files. The flight vehicle modeling
program generates fully coupled (roll, pitch, and yaw) state-space vehicle systems. We will run it three
times to generate the three vehicle systems of variable inter-stage stiffness. The vehicle input data file is
always the same “Apollo-MaxQ.Inp”. The output system files, however, are different in each case. For
the nominal stiffness we save the vehicle systems in file “Apollo-MQ-Nom.Qdr”, for the soft vehicle we
use systems file “Apollo-MQ-Soft.Qdr”, and for the stiff vehicle we save the systems in file “Apollo-
MQ-Hard.Qdr”. A set of 20 preselected modes is used for each inter-stage stiffness. The three sets of
selected modes are also included in input file “Apollo-MaxQ.Inp”. The input file in addition to the
vehicle and selected modal data-sets it also contains model truncation data to extract the pitch
subsystem.

Although it is feasible in the analysis to use the fully coupled vehicle system that includes all 3 axes, it is
however inconvenient to use systems that are larger than necessary. We will use, therefore, the system
truncation (system extraction) Flixan utility program to extract only the system states, inputs and outputs
that relate only to the vehicle motion in the pitch direction, and to truncate or eliminate the remaining
variables. The system truncation instructions are identified by Flixan from the label “CREATE A NEW
SYSTEM FROM AN OLD”, followed by the title of the new (reduced size) system in the next line
“Apollo-20, Stage-1, Max-Q, 20 Flex modes, Pitch Axis”. The next line contains the title of the original
fully coupled system “Apollo-20, Stage-1, Max-Q, 20 Flex modes”. The remaining lines in the data set
are system truncation instructions telling the program which inputs, states, and outputs are to be retained
from the original system. The truncated system is saved in the systems file below the original system.
There are two sets of system truncation instructions in file “Apollo-MaxQ.Inp”. One set is for extracting



a pitch axis rigid-body system from the coupled rigid-body system and another set is for extracting a
pitch axis flexible system from the coupled flexible body system.

Pitch Mode Selection

Our first task before beginning the analysis is to select the flex modes from the Nastran files. Let us go
back to the input data file “Apollo-MaxQ.Inp”. This file contains three sets of 20 preselected pitch axis
modes. So far we have assumed that the modal sets are already selected from three Nastran files, scaled
and ready to be processed by the flight vehicle modeling program. We will now describe the process of
selecting and scaling a set of pitch dominant modes from one of the Nastran “.Mod” files. This process
is performed by the mode selection program as follows. Start the Flixan program, select the project
folder “Flixan\Examples\Apollo\MaxQ Pitch”, and from the Flixan menu select “Program Functions”,
“Flight Vehicle/ Spacecraft Modeling Tools”, and then “Flex Mode Selection”, as shown.

% Flixan, Flight Vehicle Modeling & Control Systemn Analysis

Utilities  File Management = Program Functions  View Cuad  Help Files

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

Creating and Medifying Linear Systems Create Mixing Logic/ TVC
Trim/ Static Perform Analysis
Flex Mode Selection

In this menu you must select the following files:

_——

Select File Mames

todal Data File
ol Nombod y (a) The Nastran generated modal data file “Apollo_Nom.Mod” that contains
pollo_Mam. Mo .
the mode frequencies, the mode shapes and slopes for 71 modes at
Mode Description File specific locations (nodes) which are important for our flight control
Apolla_Stgl Mad v analysis.
(b) The nodes file “Apollo_Stgl.Nod” that identifies the vehicle locations
Input Data File which are included in the modal data file.
Apollo_Maxd.Inp v (c) The input data file “Apollo_MaxQ.Inp” that contains the vehicle
_ parameters.
et e et Qe (d) Select also an output file to save the mode comparison results.
Modzel Ml w
In the following menu you must select the flight vehicle model and click on
“Run Input Set”. The program uses this data-set to identify the vehicle
Cancel oK excitation and sensor points.

Select a Set of Data from Input File

Select a Set of Input Data for "FLIGHT VEHICLE" from an Input File: Apollo_MaxC.Inp Run Input Set

Apollo-20, Stage-1, Max-0, Rigid Body Exit Program

Apollo-20, Stage-1, Max-Q, 20 Flex modes

Create New




The mode strength comparison is performed between selected excitation and sensor points. The user

must select those points from menus. Those points are not necessarily the same as the vehicle effectors

and sensors. In the mode selection process we must we must also specify the following:

e The range of modes to be processed. In this case all modes from 1 to 71

e The number of force and torque excitation points where we shall apply force and torque excitations
in specific directions.

e The number of translational and rotational sensors where we will measure excitations in specific
directions for comparison purposes.

e Also the option to either select the modes manually with the mouse from the 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.

s

“ Select Range of Modes, Mumber of Vehicle Locations

“r'ou must define some pointz on the flex model where excitation forces
and torgques are applhed to the structure, and the direction asiz. vou must
alzo define points where maotion [rotational or tranzlational] is sensed and
alzo the zenzing direction.

Compare Strength Between  Mode: 1 and Mode il

Mumber of Excitation Pointz,  Forces: 1 Torgues 1

Mumber of Sensar Points, Translations: 2 Raotations i Data >caling Option

kMode Selection Process

Automatic or banual Autornatic o D t to Modify the Modal Data?
uzing the Bar Chart © you want to Modify the Modal Data?

Humber of Modes to be Ok
Selected

In this case select one force and one torque excitation points, two translational sensors and 3 rotational
sensors to be used in the mode selection process. Select also the manual/ graphical option to select the
modes, and click “OK” to continue. In the next question answer “Yes” indicating that you do want to
modify/ scale the modal data. Then from the next dialog use the default scaling options for converting
the Nastran units to GN&C units and directions.

s Modal Data Scaling Factors >
todal Data Scaling Factors
Generalized Mazs [Gm) Multiplication Factar 12.000
kodal Displacement [phi] kMultiplication Factar 1.0000
kMaodal Slope [zigma) Multiplication Factor 12.000

Modify Coordinates from Maztran Axes to Wehicle Axes

+# in Vehicle Ares Coresponds to:; it Shructures Seis
+7 in Wehicle Axes Coresponds to:; it Structures Aees
+ in Wehicle Axes Corresponds to: ity Skructures Ares ok




The next step is to identify the nodes for the excitation points, the nodes for two gyro sensors, and the
nodes for three accelerometer sensors. 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. Use the following dialogs to select the force and torque excitation points and
also their direction in order to excite the pitch modes.

Table of Vehicle Structure FEM MNodes

| miode selection, in order to calculate the relative mode strength of a number of modes in a zpecified direction you must

define zome node points in the Mastran model where the excitation forces o tarques will be applied and alzo the forcing ak.
directions.

Sirnilarly, pou must alzo define the sensor pointz [franslations or ratations] and the sensing directions. Lancel
Select a Location {Node) for Force Excitation : 1 Bz
Stage-1 Rocket Booster gyro 1 155 -lee.T72 0.a ﬁbngx
Stage—1 Bocket Engine piwvot z 51559 —-307 .64 a.o0 Along-y
Stage-1 Docket Nozzle CE 2 51700 —308 .57 0.0 m
Interstage Compartment 4 51880 -135_25 -0.33

Znd Stage Compartm (between tanks) =1 52320 -10&.13 -0.0

Spacecraft Module (aft) g 52330 -4&.877 0.a

Spacecraft Module (forward) 7 53051 -35_.38%3 0.a

Direction

- [hegative]

Table of Vehicle Structure FEM Modes

| miode selection, in order to calculate the relative mode strength of a number of modes in a specified direction you must

define zome node paints in the Mastran model where the excitation forces ar tarques will be apphed and alzo the forcing OK
directions.
Sirnilarly, pou muzt alzo define the sensor pointz [franslations or ratations] and the sensing directions. Cancel

Select a Location {Node) for Torque Excitation: 1

Stage-1 Rocket Booster gyro 1 1585 -lee.72 0.0
Stage-1 Rocket Nozzle CE 3 51700 —-308_.57 0.a
Interstage Compartment 4 51580 -135_25 -0.33
Znd S5tage Compartm (between tanks) 5 52320 -10&.13 -0.0
Spacecraft Module {(aft) [ 52530 -4&8_BT77 .0
Spacecraft Module (forward) T 53051 —35_38% 0.a

- [egative]

We must also select two locations for translational sensors and three locations for rotational sensors.
One of them is a translational motion sensor at the space module measuring along the positive z

direction, a gyro at the first stage booster and a second gyro located in the space module. We must also
define the direction of measurements as shown.



Table of Vehicle Structure FEM Modes

| mode selection, ik order o calculate the relative mode strength of a number of modes in a specified direction you must

define zome node paintz in the Mastran model where the excitation forces or tarques will be applied and alzo the farzing Ok

directiong.

Sirnilarly, pau must alzo define the sensar points [franslations or ratationzs] and the sensng directions. Cancsl

Select a Location {Node]) for Translation Sensor 1 Az

S5tage-1 Bocket Booster gyro 1 185 -lee.72 a.a Alarg

Stage—-1l Rocket Engine pivot Z 51535 —-307 .64 0.0 Along-r

Stage—1 Rocket Mozzle CE 3 51700 —308.57 0.0 m

Interstage Compartment 4 51580 —135_25 —0_323

Znd Stage Compartm (between tanks) 5 52320 -1l0&e.13 —-0.0

Spacecraft Module (aft) g 52330 -45.877 0.a

Spacecraft Module (forward) 7 53091 —35_38% 0.0 ] ]
Direction
- [negative]

Table of Vehicle Structure FEM Modes

In mode selechon, n arder to calculate the relative mode strength of a number of modes in a specified direchion you most

define zome nade points in the Mastran model where the excitation farces or torques will be applied and alzao the farcing OK
directionz.
Similarly, pou muzt alzo define the senzor pointz [tranzlations or ratations] and the senging directions. Cancel

Select a Location (Node) for Rotational Sensor: 1

1 Bocket Booster gyro 1 2 0.0
Stage-1 Bocket Engine piwvot Z 5155% -307.c4 a.a
Stage-1 Rocket Hozzle CF 3 51700 -308.57 a.a
Interstage Compartment 4 51580 —-135_25 -0._.33
Znd Stage Compartm (between tanks) 5 52320 -10&.13 —-0.0
Spacecraft Module (aft) g 52330 -45.877 0.0
Spacecraft Module (forward) 7 53051 -35.38% 0.0

Direchon

- [negative

Table of Vehicle Structure FEM Modes

| miode selection, in order to calculate the relative mode strength of a number of modes in a specified direction you must

define zome node paints in the Mastran model where the excitation forces ar tarques will be apphed and alzo the forcing OK
directions.
Sirnilarly, pou muzt alzo define the sensor pointz (franslations or ratations] and the sensing directions. Cancel

Select a Location {Node) for Rotational Sensor: 2

Stage-1 Rocket Booster gyro
Stage-1 Rocket Engine piwvot
Stage-1 Rocket Nozzle CE

155 -1le6.72
515595 —-307 .64

1
2
3 51700 —308 .57
Interstage Compartment 4 51580
5
[
7

Znd Stage Compartm (between tanks)
Spacecraft Module (aft)
Spacecraft Module (forward)

52320 -106.13
52530 -4&6.877
53051 -35.38%

Direction

- [hegative]




The next step in mode selection is to define structural nodes from the Nastran model that correspond to
the engine gimbal, gyros, accelerometers, and alpha sensors which are defined in the vehicle data file.

% Table of Vehicle Structure FEM Modes -

ou must now identifp some points on the finite elerment model that corespont to the important locations on the vehicle [az
specified in the vehicle data] where the forces are being applied and the motion iz being senzed. Such az TVC ambals, gyros,
et

Select a Location {(Mode) for Thruster Engine : 1 | oK, |
Stage-1 Rocket Booster gyro 1 155 -leg.72 0.0 -0
Stage-1 Bocket Engine piwvot 2z .0

Stage-1 Bocket MHozzle CGE 3 51700 —308.57 a.a a
Interstage Compartment 4 51580 —-135_25 —-0.33 —3
Znd Stage Compartm (between tanks) 5 5Z23Z0 -106.13 —-0.a =]
Spacecraft Module (aft) & 52330 -4&5_877 a.a a
Spacecraft Module (forward) 7 53051 —35_2845 a.0 a
4 Table of Vehicle Structure FEM Modes =
ou must now identify some points on the finite element model that corespont to the important locations on the vehicle [az
zpecified in the wehicle data] where the forces are being applied and the mation iz being zenzed. Such az TVC gimbalz, gyroz,
el

Select a Location (Mode) for Accelerometer - 1 | oK |

Stage-1 Bocket Booster gyro 1 0.0

Stage-1 Rocket Engine piwvot Z 51555 —307 .84 0.0 a
Stage-1 Rocket Hozzle CE 3 51700 —30B_-57 0.0 a
Interstage Compartment 4 51380 —-135_25 -0.33 —3
Znd Stage Compartm (between tanks) 5 5Z23Z0 -106.13 —-0.a =]
Spacecraft Module (aft) & 528930 —-45_877 a.a a
Spacecraft Module (forward) T 53051 —35_38B% 0.0 a
2 Table of Vehicle Structure FEM Modes >
au muzst now identify some paints on the finike elerment model that correzpont to the important locations an the vehicle [az
zpecified in the vehicle data] where the forces are being applied and the mation is being senzed. Such az TVC gimbals, gyroz,
etc.

Select a Location {(Mode) for Gyro/Rate Sensor: 1 | oK |

Stage—-1 Rocket Booster gyro 1 0.0

S5tage—-1 Rocket Engine piwvot 2 51555 —307 .54 a.a a
Stage-1 Rocket MHozzle CE 3 51700 —-308.57 a.a i}
Interstage Compartment 4 51580 -135_Z5 —0_33 —3
Znd Stage Compartm (between tanks) 5 5Z3Z0 -1l08.13 —-0.a ==
Spacecraft Module (aft) & 52330 -45_877 a.a a
Spacecraft Module (forward) 7 53051 —35_3845 a.a a
“uw Table of Vehicle Structure FEM Modes >

ou must iow identify zome pointz on the finite element model that comespont to the important locations on the vehicle [az
zpecified in the wehicle data] where the forces are being applied and the maotion is being senzed. Such az TYC gimbals, gyroz,
et

Select a Location {(Node) for Alfa/Beta Sensor - 1 | 0k |
Stage-1 Rocket Booster gyro 1 155 -lea.72 0.0 ]
Stage-1 Rocket Engine pivot Z 51555 —-307 .84 0.0 a
Stage-1 Rocket Hozzle CE 3 51700 -308.57 0.0 a
Interstage Compartment 4 51580 -135_Z5 —0_33 —3
Znd Stage Compartm (between tanks) 5 52320 -106.13 =0.0 -3
Spacecraft Module (aft) T 52530 -45_.877 0.0 a
Spacecraft Module (forward) i 0.0




The user must also enter a short
label to be included in the_ tltle_ of |nzert a Short Description to the Title [10 char)
the selected modes set, to identify, Ok,
for example, the type of modes. |pitch Modes

At this point a bar plot appears and
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 measured relative to the weakest mode. The
user manually selects some of the strongest modes by pointing the mouse cursor at a bar and clicking the
mouse. The modes change color from red to green when they are selected. There are no rigid-body
modes in this case. We select 20 flex modes and press the "enter" button to complete the mode selection.
Some additional information is also entered which is included as comments.

Mode Strength Comparison (use mouse to select the strongest modes)
Select Dominant Modes of: APOLLO 20 MODAL DATA, NOMINAL INTERSTAGE ST

Mode Strength

36 46
Mode Number

Enter Motes

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

Modes Selected for the NMominal Stiffness STr-ucTur-el



The selected pitch modes including the mode shapes and slopes at the important vehicle locations are
transformed, scaled, and saved in the input data file “Apollo-MaxQ.Inp”. The mode selection process is
repeated three times, each time using a different modal data file. Three sets of modal data, each set
consisting of 20 selected modes corresponding to the three inter-stage stiffnesses are saved in the same
input data file under three separate titles, “Apollo-20, Stage-1, Max-Q, 20 Flex modes, Pitch Modes,
Nominal Stiffness”, “Apollo-20 ... Soft Interstage”, and “Apollo-20 ... Stiff Interstage”.

System Files

By processing the input file “Apollo_MaxQ.Inp” we generate three separate system files for pitch axis
analysis, one for each of the three stiffness models. The file for the nominal interstage stiffness is
“Apollo-MQ-Nom.Qdr”, the file for the soft stiffness is “Apollo-MQ-Soft.Qdr”, and the file containing
the hard systems is “Apollo-MQ-Hard.Qdr”. Each file contains several state-space systems: a fourth
order actuator system “Booster TVC Actuator”, a vehicle model “Apollo-20, Stage-1, Max-Q, 20 Flex
modes” generated by the flight vehicle modeling program, and a reduced pitch model, “Apollo-20,
Stage-1, Max-Q, 20 Flex modes, Pitch Axis” that is derived from the previous system by extracting only
the pitch inputs, states, and outputs using the Flixan system modification utility. The flight vehicle
parameters are identical in all three systems. Their only differences are in the modal data and they use
pitch dominant modes originating from different Nastran models. The system files also include the pitch
flight control system and two additional systems: an open-loop model for stability analysis, and a
closed-loop simulation system. Those systems are also converted to Matlab format for further analysis.

Vehicle and Actuator Coupling

Figure 2 shows a block diagram of the closed-loop system consisting of vehicle dynamics, actuator, and
the flight control system. The actuator model is more than just a simple low order transfer function. It
consists of a fourth order state-space system with two inputs and two outputs. It includes also the nozzle
rotational dynamics (see the actuator models for details). The actuator outputs are: gimbal deflection in
(radian) and gimbal acceleration in (rad/sec?®). The inputs are gimbal deflection command in (radian)
coming from the flight control system, and load-torque in (ft-1b) generated by the vehicle model. The
load-torque is an external load to the actuator caused by the vehicle linear and angular accelerations. It is
a mechanical feedback loop from the vehicle model that is feeding back into the actuator second input
and attempting to rotate the nozzle against the commanded position. This phenomenon is sometimes
also known as “Dog-Wags-Tail”. Read the vehicle equations of motion for details. We have also
included the “Tail-Wags-Dog” dynamics, which is more significant than the load-torque and it has to do
with the normal and lateral forces generated at the gimbal as we pivot the nozzle in pitch and yaw. The
TWD forces are proportional to the nozzle angular accelerations about the gimbal. That is why the
gimbal accelerations are important for the implementation of the TWD dynamics. To include the TWD
forces in the dynamic model we need two things:

1. To activate the TWD option by including the flag “WITH TWD” in the flight vehicle input data
in the location where the engine data are defined. This flag will create additional gimbal
acceleration inputs in the vehicle model, and

2. Use an actuator model that provides not only gimbal deflection, but also a gimbal acceleration
output, such as, the actuator model used in this example.



In Figure 2, the gimbal acceleration output from the actuator block (yellow) connects to the gimbal
acceleration input in the vehicle model (green). The acceleration is used by the vehicle model to
calculate the TWD forces which are combined with the TVC forces to generate the total forces at the
gimbal.

Flight Control System with Load-Relief

The flight control system consists mainly of feedback from three vehicle outputs: the attitude 6, vehicle
rate g, and the measured angle of attack os at the alpha sensor. It includes some additional filters for
stability: a low pass filter, and a notch filter for attenuating the second flexible mode. The three control
gains were calculated using classical control methods.

Closed-Loop Simulation
At Max-Q thetarcom

Sensors

Control Gains

Max-Q ML
SRB Actuator Vehicle 10

— ] dictti detto f=——ym] detta Theta —|_’ 5410

50
a1 > >[b— .
—p{LaTq  dettdd —— dettdd s+50
alflex alfin «

Wiust —— Gust TL —

Gust
30 ft/sec
0.2 Hz

Load-Torgue Feedbck

Low-Pass: 11 /s Motch: 16.8
- wh2 < 5242*zn2*wn2s+wWn2h2 <
52420 6 whs+wh2 5242*zd2*wd2s+wd212

Figure 2 Closed-Loop Simulation Model




Stability Analysis

The system stability is measured by cutting the control loop at the actuator input and calculating the
frequency response of the open-loop system between the dcom input to the actuator and the filter outputs.
Then we plot the frequency response on a Bode or Nichols chart to measure the phase and gain margins.
This process is implemented in a Matlab script file “run.m” which is located in directory “\Apollo
\MaxQ Pitch \Mat”. The script loads the nominal stiffness pitch flight vehicle “Vehi_20flx.m” and the
actuator “actuator.m” systems into the Matlab workspace, calculated the flight control gains, generates
the linear open-loop Simulink model “OpenFIx.MdI”, and generates the Bode and Nichols plots as
shown in Figure 3 (a & b) below. The Simulink model file “OpenFIx.MdI” is similar to Figure 2 but it
has the control loop opened at the actuator input. It includes the vehicle and actuator state-space
quadruple matrices inside the green and yellow blocks. The open-loop configuration is also implemented
in the Flixan input file “Apollo_MaxQ.Inp” and its title is “Apollo-20, Stage-1, Max-Q, Open-Loop
System (Vehicle, Actuator, FCS)” .

The Bode plot shows a cross-over frequency point (bandwidth) of 0.24 Hz. The Nichol’s plot shows that
the first flex mode at 1.17 Hz is phase stabilized. The phase margin is 39 (degrees) and the gain margin
is 9 (dB). The 2.68 Hz second mode is attenuated by the notch filter, although it was well behaved in
phase and it would otherwise be phase-stable without filtering. The reason for gain stabilizing it is
because at low amplitudes the actuator behavior becomes sluggish and as the frequency increases the
phase delay increases unpredictably to the point where the resonance would drift towards the left, cross
the (+) point, and cause limit cycling. So it is better to gain stabilize it with a notch.

Bode Plot for: Qutp( 1)-Flight Control System Output / Inpt( 1)-Gimbal deflection command to a , of:
Apollo-20, Stage-1, Max-Q, Open-Loop System (Vehicle, Actuator, FCS)
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Stability Plot at Max-Q Using Load-Relief Feedback from Alpha Sensor
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Figure 3 (a & b) Open-Loop Nichols and Bode Plots of the Nominal Stiffness System



Nichols Plot for: Outp( 1)-Flight Control System Output / Inpt( 1)-Gimbal deflection command to a , of:
Apollo-20, Stage-1, Max-Q, Open-Loop System (Vehicle, Actuator, FCS)
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Figure 4 Nichols and Nyquist Plots of the Nominal Stiffness Open-Loop System obtained using the Flixan frequency
response program



Stability Plot, with 3 Stiffnesses: Mominal {green), Hard (blug), Soft (red)
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The frequency domain stability analysis is performed using both Flixan and Matlab programs. Figure 5
is similar to Figure 3 and compares stability between the three structures of different inter-stage
stiffnesses. In Matlab the plots are generated using the script file “run3.m” in directory “\Apollo\MaxQ
Pitch \Mat”. The script loads the three pitch vehicle and the actuator state-space systems into the Matlab
workspace, calculates the Nichol’s and Bode plots, and plots all three together in different colors, as
shown above. The three pitch vehicle Matlab function files: “Vehi_20flx”, “Vehi_20rif”, and
“Vehi_20sif”, correspond to the nominal, hard, and soft inter-stage stiffnesses. They were created from
the system title “Apollo-20, Stage-1, Max-Q, 20 Flex modes, Pitch Axis”, from the three system files
“Apollo-MQ-Nom.Qdr”, “Apollo-MQ-Hard.Qdr”, and “Apollo-MQ-Soft.Qdr”, and they were exported
into Matlab format using the Flixan “Export to Matlab” utility.

The green curve represents the nominal structure frequency response (same as in Figure 3). The blue
corresponds to the stiff interface structure, and the red corresponds to the soft interface structure. The
mode frequencies are slightly different between structures due to the variation in stiffness. In all 3 cases
the first mode is phase stable and the second mode is attenuated with the notch filter. The rigid body
stability margins are acceptable in all 3 cases. In the soft case, however, the phase margin of the first
mode is reduced to 32 (degrees), which implies, that further softening will drive it towards instability.
The second mode is gain stable in all three cases because of notch filtering. The attenuation of the
second mode is greater in the nominal stiffness case (green) because the notch is tuned at mode-2
resonance (2.68 Hz). Figures 6 and 7 are similar, including the Nyquist Diagram. They were created
using the Flixan frequency response program and they compare stability of stiff versus soft structures.

Bode Plot for: Outp( 1)-Flight Control System Output / Inpt( 1)-Gimbal deflection command to a , of:
Apollo-20, Stage-1, Max-Q, Open-Loop System (Vehicle, Actuator, FCS)
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Figure 6 Frequency Response Comparison between the Stiff (red) and the Soft (blue) systems calculated using the
Flixan Frequency Response Utility Program



Nichols Plot for: Qutp( 1)-Flight Control System Output / Inpt( 1)-Gimbal deflection command to a , of:
Apollo-20, Stage-1, Max-Q, Open-Loop System (Vehicle, Actuator, FCS)
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Figure 7 Nichols and Nyquist Plots Comparison between the Stiff (red) and the Soft (blue) systems calculated using
the Flixan Frequency Response Utility Program



Simulation Results

The Simulink model “Sim.Mdl”, shown in Figure 2 located in directory “\Apollo\MaxQ Pitch\Mat” is
used to generate the simulations. The model has two inputs: an attitude command (6-com), and a wind
gust disturbance input. The attitude command comes from guidance, which is either closed-loop
guidance or a table look-up attitude versus time command. The gust disturbance is a noisy waveform
representing the wind velocity relative to the vehicle, in (ft/sec). The direction of the wind relative to the
vehicle is defined in the vehicle input data. The magnitude of the wind is limited to 30 (ft/sec) peak-to-
peak, and its bandwidth is limited to 0.2 Hz. The input selection, either attitude command or disturbance
input can be turned “on” or “off” from the Simulink model. When the simulation is complete, a Matlab
script file “pl.m” is used to plot the simulation results which are as shown in the figures below.
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Figure 8 Vehicle Attitude, Alpha, and Gimbal Responses to a Noisy Wind Gust (shown above)
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Figure 10 above compares the angle of attack and the gimbal responses to the wind gust disturbance
between two cases. Case-a, (shown in red) is calculated using the nominal flight control gains. Case-b,
(blue) is calculated with the load-relief (alpha) gain Ka reduced to ¥ of its nominal value, which
represents a 75% reduction in load-relief. The alpha comparison shows that the reduction in load-relief
gain increases the structural loading by approximately 18%, due to an increase in alpha, which
demonstrates that the load-relief alleviates some of the normal loading, as it is supposed to do. The load
alleviation is restricted, however, due to limitation in the flight control system bandwidth.

Tracking the Guidance Command

Figures 11 and 12 show the vehicle responses to 5 degrees pitch attitude command. The pitch attitude
(blue) reaches 4 degrees relatively fast and then it converges slowly towards the commanded attitude.
Remember that this flight condition is at maximum dynamic pressure and the load-relief is preventing it
from reaching the 5 degrees very fast. During Max-Q the flight control system is also attempting to keep
o small and it is trading some of the command following performance for reducing o and the normal
loads. The vehicle is, therefore, not expected to have a great command following performance at Max-
Q. The angle of attack is shown in red. It peaks up to 4 degrees before it starts decreasing towards zero
as a result of the alpha-feedback. The plot also shows the gimbal deflection which reaches its peak value
at 3 degrees. This is acceptable, because we normally are not commanding big attitude steps.
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Figure 11 Vehicle Response to 5 degrees attitude change command in presence of wind gusts



Figure 12 shows the three rate gyro and three accelerometer responses to the attitude change command.
The green responses are measured from the top of the vehicle where the payload module is located. The
red responses are measured at the inter-stage location. The blue responses are obtained from the flight
control sensors which are located in the 1% stage booster. Notice how flexibility is minimal at the FCS

rate-gyro (blue).
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Figure 12 Rate Gyro and Accelerometer Responses to the 5 degrees attitude command (with gusts)



Using the Flixan Utilities to Combine the Systems

Notice that the systems files contain additional systems. The input data file “Apollo_MaxQ.Inp” includes
data-sets for generating three additional systems: the pitch flight control system, the open-loop plant
used for flight control stability analysis and the closed-loop system for simulations. Those systems are
created using the Flixan systems combination and transfer function combination utilities instead of
Simulink, as already shown. Flixan is probably more efficient than Matlab in combining systems or
transfer functions together because it avoids using “Linmod”. In our Matlab open-loop model
implementation we used the “Linmod” function on the Simulink file “OpenFIx.MdI” to calculate the
state-space system. There are some numerical disadvantages in using linmod, plus it is not always
reliable in calculating the A, B, C, D matrices efficiently. Also it has problems with algebraic loops and
it does not produce minimum state-space realizations. We recommend, therefore, using the Flixan
utilities to combine systems and transfer functions together.

The Pitch Flight Control system is implemented in file “Apollo_MaxQ.Inp” and processed by the
transfer function combination program. It is included in all three stiffness systems files, “Apollo-MQ-
Nom.Qdr”, etc. The input file includes also two system combination data-sets that combine the three
systems together: “Actuator”, “Pitch Flight Control”, and the vehicle “Apollo-20, Stage-1, Max-Q, 20
Flex modes, Pitch Axis” together, in open-loop and closed-loop configurations. The Flixan generated
open-loop and closed-loop systems are saved in the system files and then exported to Matlab as
functions. The open-loop system is “Apollo-20, Stage-1, Max-Q, Open-Loop System (Vehicle, Actuator,
FCS)” and it is used for frequency domain stability analysis, as already shown. From the nominal
stiffness systems file we extracted the files “open-loop-comb.m” and “closed-loop-comb.m” which are
saved in directory “\Examples\ Apollo\MaxQ Pitch\ Mat”. There is a script file “run2.m” that loads the
Flixan combined systems to Matlab and calculates the Bode and Nichols plots. The results from the
Flixan combined systems are identical to the results obtained using Simulink. The Flixan generated
closed-loop system is “Apollo-20, Stage-1, Max-Q, Closed-Loop Simulation”, and it is used for time-
domain simulations. We have also prepared a Simulink model in file “Closed-Loop-Comb-Flex.mdl” for
testing the Flixan generated closed-loop system. The same plotting utility “pl.m” can also be used to plot
the data from the new Simulink model that uses “closed-loop-comb.m”, and prove that it produces
identical results as the previous Simulink model “Sim.MdI”.

Roll Axis Analysis

This launch vehicle has only one gimbaling engine that is capable to control it in pitch and yaw, but a
single TVC engine cannot provide roll control. A small amount of roll control authority is needed
because the vehicle can experience some roll disturbances due to winds and CG misalignments from the
x-axis centerline, coupled with non-zero gimbal deflections. Another source of roll disturbance can
occur when the vehicle experiences a small amount of static deformation as it flies at a non-zero angle of
attack. An additional side force due to a side wind gust can generate a rolling moment. In other words,
the Cl-beta aero coefficient may be non-zero when the vehicle is deformed. A third source of roll
disturbance can occur when the body axis is not perfectly aligned with the principal axis, for example,
when the cross product of inertia Ixy is not zero. This may induce some roll acceleration when the
vehicle experiences pitch accelerations due to wind gusts.



It is, therefore, necessary to use some additional . B
jets for roll control in order to prevent the vehicle T ‘
from drifting in roll during flight. In this example ' :
we are using a cluster of 8 RCS jets. The jets are

on/ off devices of 600 (Ib) thrust. They are placed

in pairs in four locations around the peripheral of

the cylindrical booster, near the bottom of the &=
second stage, see figure on the right. Each pairis | |
firing in opposite (xy and #£z) directions to
provide positive and negative thrust at four
locations.

Negative
roll torque

We will generate a flexible vehicle model to be
used for roll axis analysis. We will also develop a
simple RCS bang-bang control logic, couple the
vehicle model with the control logic and simulate
it in the Matlab/ Simulink environment. This will T
help us define the control system dead-zone. S

Data Files

The data files for generating the roll axis vehicle models are located in directory “Flixan\ Examples\
Apollo\RCS Jets”. The input data file is “Apollo_MQ_RCS.Inp” and it contains two flight vehicle
modeling data sets: a rigid-body and a flexible vehicle set. The flex vehicle title is “Apollo-20, Stage-1,
Max-Q, Flex Body, RCS Control”. This vehicle has a gimbaling engine of fixed thrust that does not
couple into roll and four RCS thrusters. The four reaction control thrusters are +600 (Ib) each used for
roll control. Actually, each thruster represents a pair of jets mounted back to back, as shown above, that
can fire in opposite directions. The thrust directions (Dy and D) of the four RCS thrusters in the input
data are oriented to provide thrusts in the £z and the zy directions for roll control. They are defined as
“Throttlable”, that is, capable to provide thrust variation between -600 to +600 (Ib) in the state-space
system by just varying the throttle command input of the corresponding thruster between -1 and +1. This
means that the thrust is included in the model and you must not drive the vehicle system with the actual
thrust at its inputs, but the throttle command input must be varied between -1 to +1. Exceeding this
range would exceed the thrust capability of the hardware. In the closed-loop simulations the throttle
command comes from the reaction control system (RCS) software, and since we are dealing with “on/
off” devices in this example, the commands to the vehicle inputs that correspond to the RCS pairs
should be either, {-1, 0, or +1} and nothing in between. Values outside this range are also unacceptable
and they will produce meaningless results. In the vehicle input data we have included two roll rate gyro
sensors. One sensor is located near the top of the stack and the other sensor is located near the top of the
first stage booster.



Flex Mode Selection

In the input data file “Apollo_MQ_RCS.Inp” we have selected and saved 20 bending modes which are
dominant in roll to be included in the vehicle model. The title of the selected modes set is “Apollo-20,
Stage-1, Max-Q, Rigid Body, RCS Control, Roll Modes” and they are processed by the flight vehicle
modeling program to generate the flexible vehicle state-space system. The modes title is also included at
the bottom of the vehicle data in order to associate the modes with the vehicle data. The roll modes were
selected by the Flixan mode selection program that uses the mode selection process that was described
in the pitch axis analysis. The mode selection program reads the modal data from the big Nastran file
“Apollo-MQ-RCS.Mod”, that contains data for 71 modes at a few selected locations “nodes”. The nodes
are defined in the nodes file “Apollo-RCS.Nod”, also known as map. The nodes file must also be
included in the mode selection program in order to help the user identify nodes at important vehicle
locations such as the thrusters and the sensors.

The next step in mode selection is to define the excitation forces. We use the interactive dialogs to
specify the locations and directions of excitation and sensor points. We apply four forces at the four
RCS locations in a direction that will produce positive roll torque, that is, +y for the top thruster, +z for
the right one, -y at the bottom, and -z at the left thruster. We don’t have to apply any torque excitations.
We also specify that our sensors measure rotations in the positive roll direction at the two rate gyros. We
don’t specify any translation measurements. The mode selection program will also ask the user to
identify structural nodes for some important vehicle locations which are defined in the vehicle data-set,
such as, the engine gimbal, the four jets and the two gyros. The final step is to select 20 strong modes
from the graphic display of mode strengths using the mouse cursor and watch the red bars turn green as
you select the tallest modes. The selected modes are saved in the input data file below the vehicle input
data. You may also take a look at the mode strength comparison file “Modsel.Out” that is printed out for
user reference.

Vehicle State-Space Systems

There are two systems generated by the flight vehicle modeling program that are saved in file “Apollo-
MQ-RCS.Qdr”. A rigid body version “Apollo-20, Stage-1, Max-Q, Rigid Body, RCS Control” used for
preliminary analysis, and a flexible version “Apollo-20, Stage-1, Max-Q, Flex Body, RCS Control” to be
used for final analysis. The models are fully coupled, including roll, pitch, and yaw dynamics, and they
must be reduced by extracting only the roll subsystem inputs, states, and outputs. The system reduction
is performed by the systems modification/ truncation utility. There are two sets of system truncation
instructions in the input data file. One set extracts the roll rigid body subsystem “Apollo-20, Stage-1,
Max-Q, Rigid Body, RCS Control, Roll Axis”, and the second set extracts the flexible roll subsystem
“Apollo-20, Stage-1, Max-Q, Flex Body, RCS Control, Roll Axis”. The two truncated roll axis systems
are also saved in the same systems file “Apollo-MQ-RCS.Qdr”. They are also exported into Matlab
using the “Export to Matlab” Flixan utility, and they are saved in the Matlab workspace directory
“Examples\Apollo\RCS Jets\Mat” as Matlab function files “vehi-roll-rb.m” and “vehi-roll-flx.m”. They
are loaded into the Matlab workspace using the script file “run.m”.



RCS Control/ Simulation Results

The simulation is performed using the Simulink model “RCSim_flx.MdI”” shown in Figure 14 below. The
Matlab files are in folder “Examples\Apollo\RCS Jets\Mat”. The jet control logic is implemented in the
Simulink model as a Matlab function file “Jet_Con.m”. It employs a very simple phase-plane control
law that combines the roll rate and attitude errors together when the combined signal exceeds 0.1 it fires
all four jets in the proper direction. If the combined error is between 0.05 and 0.1 it fires only two jets.
Otherwise, if the magnitude of the error signal is less than 0.05, it does not fire any jets. The script file
“pl.m” is used for plotting the simulation data in Matlab.

Jets phi
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; . Jets
= Ax+B
) = CxeDu pib © 600 (Ib) orop Thro
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. —.P1 Adtitude
F|e)( V6h|C|e pfix 1 p-fix2 rolrate (op) Controller
_’@) Flex Vehicle
time pfix2
Clock pfix 2 Jet Control Logic
function Thr=Jet_Con(ater,p)
% Thr=Jet_Con(ater,p)
db=0.2/57.295; % dead-band (rad)
er= (2.0*ater+3.0*p); % error signal

if abs(er)>db & abs(er)<2*db;
Thr=-sign(er)*[1,0,1,0];

elseif abs(er)>=2*db; Thr=-sign(er)*[1,1,1,1];

else; Thr=[0,0,0,0];

end

Figure 14 Roll Axis Simulink Model file “RCSim_flx.mdI”

The results in Figure 15 consist of three plots that show the system response to 10 degrees of roll
command. The first plot shows the roll attitude which approaches the 10 (deg) commanded value. The
second plot shows the rate response at the two rate gyros. The rate at the space module (red) is slightly
higher than the other gyro which is located near the top of the stage-1 booster (blue). The third plot
shows the RCS firing history. Initially, all four jets fire in the positive direction (green) to get the vehicle
rolling. Then the 4 thruster directions reverse, firing in the negative torque direction to slow it down.
Finally, only two jets chatter (red) until the error becomes sufficiently small.



Closed-Loop Roll Response to a 10 (deg) Roll command, using a 0.05 (deg) dead-band
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Figure 15 Roll Reaction Control System response to 10 degrees attitude change command



