Lifting-Body Space-Plane

In this example we will study a Lifting-Body aircraft that is used as a transportation vehicle
from space. It is capable of returning from space by gliding and landing autonomously by
using its aero-surfaces. It is also capable of taking-off vertically like a rocket by means of two
TVC engines, reaching at high altitudes and landing unpowered and autonomously.

We will use the Flixan program to analyze this vehicle during both, ascent and descent
phases. We will finally show how to use Matlab/ Simulink to create a 6-dof non-linear reentry
simulation from de-orbit to landing. Information and details are included which are often left
out in textbooks, technical papers and presentations.
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The purpose of this example is to demonstrate the entire flight control design of a typical reentry
vehicle from de-orbit to landing, beginning with a preliminary performance and controllability
analysis, control law synthesis at selected Mach points, and performing linear dynamic analysis and
simulation. It teaches the student how to create dynamic models for flight control design and linear
analysis, how to design simple control laws in MATLAB®, and how to generate dynamic models for
analyzing robustness to uncertain parameters. The analysis concludes by creating a 6-DOF non-linear
simulation of the reentry vehicle, from de-orbit to landing, using MATLAB/ Simulink®. The second part
of this example demonstrates the ascent phase when the two main rockets are firing.

Figure 1 shows the vehicle effectors from the rear consisting of seven aero-surfaces, that is: two
elevons, a rudder, and four body-flaps (two upper and two lower). The vectors indicate the directions
of positive aero-surface rotations. It also has two TVC engines of 18,000 (lb) thrust each, which are
also capable of varying thrusts. Having multiple aerosurfaces provides the capability to trim and to
control this vehicle entirely by the aerosurfaces during reentry without a need for RCS. However, RCS
is also available, but it is only used for maneuvering and controlling attitude at low dynamic pressures
and also as a back-up system during descent. The primary function of the elevons and rudder is to
provide roll, pitch, and yaw control. The four body-flaps are mainly for trimming and for speed-brake
control. However, they are also used to provide some flight control assistance to the elevons.

Rudder
Upper-Left Upper-Right
Body-Flap Body-Flap
A 4
Left > Right
Elevon Elevon
Left TVC Right TVC
Engine Engine
>
Lower-Left Lower-Right
Body-Flap Body-Flap

Figure 1 Control Effectors are shown from the back of the Vehicle, consisting of: Seven Aero-Surfaces and Two
Throttling TVC Engines



1.0 Reentry Analysis

The reentry trajectory begins when the dynamic pressure is sufficient for the vehicle to trim and to be
controlled using the seven aerosurfaces alone without any assistance from the RCS jets. The descent
trajectory is separated into four phases having different control requirements and different control
modes of operation. The analysis is, therefore, separated into four sections that describe and analyze
in detail the four control modes, which are as follows:

1. The hypersonic phase where the Mach number varies between 28 and 20, and the flight path
angle y is at a very shallow dive of -1° to avoid overheating due to aerodynamic friction. The angle
of attack is controlled at 30° that provides better heat protection due to shielding. In the lateral
directions the control system is able to perform roll maneuvers and to control the heading
direction by rolling about the velocity vector Vo which reduces sideslip and hence, lateral loading.

2. The normal acceleration Nz-control: during this phase the vehicle is tracking an almost steady Nz
acceleration command from guidance and it gradually transitions to flight-path angle y-control
mode.

3. The flight-path angle y-control: during this phase the flight control system tracks a flight-path
angle yYcmg Which is commanded by the closed-loop guidance. It also performs a heading alignment
maneuver prior to approach and landing to align its direction with the runway.

4. The approach and landing phase, where the longitudinal guidance attempts to control altitude
and speed. The speed-brake is partially deployed during this phase and velocity is controlled by
modulating drag. In lateral, the heading guidance controls the flight direction against cross-winds
by controlling the roll angle.

We begin the trim and controllability analysis with a preliminary reentry trajectory from a point-mass
simulation. The trajectory is also separated into four segments that correspond to the four control
phases described and it is analyzed in separate folders. We will examine each phase separately by
trimming the effectors and analyzing static performance along the trajectory segment. We will use
contour plots and vector diagrams to analyze performance and maneuverability. We will use Flixan to
generate dynamic models at selected flight conditions along the trajectory, perform flight control
designs, and analyze stability and robustness to uncertainties at the selected trajectory points.
Separate control analysis and detail description will be presented for each control mode, including
simulations. We will finally verify the control design by creating a 6-DOF non-linear simulation for the
entire reentry flight from de-orbit to landing in Simulink using the control laws derived from the
analysis.



1.1 Early Reentry Phase Using Alpha Control

After de-orbiting and during the X
early phase of reentry (first 300 sec)
the vehicle uses the RCS jets to
maintain a 29.5° constant angle of
attack which  optimizes aero
heating. Atmospheric reentry begins
at an altitude of 250,000 (feet) and
at Mach 28. The vehicle maintains a
mostly negative shallow flight-path

angle y of approximately -1° and it 7

rolls about the velocity vector Vq to

avoid from bouncing back off into space. As the dynamic pressure increases the aerosurfaces are
used to trim and to control the angle of attack at 29.5°. The flight control system uses estimated o to
control the angle of attack which is gradually reduced, and the control system eventually switches to
normal acceleration Nz-control. The following figures show some of the trajectory parameters in the
hypersonic region between Mach: 28 to 19.
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Data Files

The data files for the alpha-controlled hypersonic section are in folder "C:\Flixan\Trim\Examples\
Lifting-Body Aircraft\Reentry from Space\Trim_Anal\Alpha_Control". The alpha-controlled section of
the trajectory is in file "Alpha_Cntrl.Traj". The mass properties for different fuel weights are in file
"Lift Body.Mass". The basic aero coefficients are in file "LiftBody Basic.Aero". The surface increment
coefficients for the 7 aero-surfaces are in file "LiftBody_Surf.Delt". Notice that the aero-surface bias
angles in that file are already preset at the expected hypersonic trim angles. The hinge-moment
coefficients are in file "LiftBody.HMco", the damping derivatives in file "LiftBody.Damp", and the
aero-uncertainties in file "LiftBody.Unce". The surface mixing matrix "KmixM27" has already been
calculated and saved in file "Kmix.Qdr".

Trimming

Before analyzing the vehicle performance we must use the Trim program to trim the positions of the
aerosurfaces in order to balance the vehicle moments along this hypersonic trajectory. Only the
moments are trimmed in this phase because the speed-brake is not active and no translational
trimming is necessary. In actual flight or simulations, the pre-calculated effector trim positions are
commanded open-loop (scheduled) as a function of the flight condition or time. The deflection
commands produced by the flight control system are superimposed on the pre-scheduled commands,
as we shall see in the 6-dof non-linear simulation.

i B

Select One Data File from Each Menu Category

After selecting the appropriate files in folder The tolowing analysis requires some data fles I be selecied fom
"C:\Flixan\ Trim\ Examples\ Lifting-Body Aircraft\ || te current projectdireciory. Select one data file for each

Reentry from Space\ Trim_Anal\ Alpha_Control", from || ¥=8°ry. [some ofihe caiegories are opional).

the Trim main menu, choose option-3 for trimming. Mass Properties Surface Hinge Moments
Do not select a trim initialization file and select to trim |Lift_BodyMass | |LiftBodyHMco ]
only along the three rotational moments, roll, pitch,
and yaw. The program will calculate a combination of || Traiectery Data Aero Damping Derivat
aerosurface deflections to balance the moments || 1*Pme-<mim= = LitBodyDame -]
based on the control authority of the aerosurfaces. At acic Acro Dot propulsion Data
the completion of the trim, the aerosurface [CBody_Basichero <] N0 DATA FILE E
deflections will be saved in file "Alpha_Cntrl.Trim".

Main Trim Menu Contr Surface Aero Coeff Aero Uncertainties

Select one of the following options Exit ||‘-"'--':B°d\"'—5'LI rf.Delt j |Liﬁ:EDd\"'UnEE ﬂ

1. Plot Aero Coefficients, Derivatives, and Control Surface Increments
2. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj" Slosh Parameters

3. Trim the Effector Deflections to Balance the Vehicle Moments and Forces —— > X 3
4. Create an Effector Mixing Logic or a TVC Matrix (Kmix) R o M D | OK |
. State-Space Modeling of the Flight Vehicle at Selected Times How many vehicle accelerations are to be balanced by
using the control effectors (three rotations is often Select

. Performance and Stability Parameter Plots Along Trajectory Time

5.

6. =
7. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects —"
8

9,

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. . . . . Three Moments, Plus (1) Translation Acceleration along 2, (Az)
. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion An ||| |7hree Moments, Plus (1) Translation Acceleration along X, (Ax) | ———————
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Ar ||| |Three Moments, Plus (2) Translation Acceleration along X and Z, (Ax & Az)

11. Vector Diagrams for Maneuverability & Stability at Selected Flight Condit ||| Th"e Moments, Plus (3) Translation Acceleratalang X, ¥ and Z, (Ax, Ay, Az)

12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Mom




The following figures show the trim deflections for the seven aero-surfaces as a function of trajectory
time during this high alpha hypersonic region.

Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft, Hypersonic Region
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Notice that the two elevons trim at 4.5°, the two upper body-flaps trim at -5°, and the lower-left and
lower-right body-flaps they both trim at 33° in this high alpha hypersonic condition. They do come
down to smaller values, however, later when the angle of attack is reduced.
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Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft, Hypersonic Region
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Performance Parameters along the Trajectory

Having obtained the trim positions of the aerosurfaces, our next objective is to check the static
performance and stability parameters that were described in Section 3, along the trajectory. Before
examining the vehicle performance, however, the analyst must select a mixing logic matrix that
defines how the seven aerosurfaces are combined together to control the 3 rotational axes. The
mixing logic matrix Kmix defines the effectors allocation in roll, pitch, and yaw, and the control
effectiveness strongly depends on this matrix.
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In actual flight or simulations the mixing logic matrix is scheduled as a function of Mach and a, similar
to the control gains. In this example, however, we shall use a constant matrix KmixM27 from file
"Kmix.Qdr" along the entire trajectory segment. We must also define the maximum expected
magnitude of the omax and Pmax dispersion angles. In this early phase they are small and are both set
to +1°. This tamax dispersion may also be interpreted as maneuverability requirement in terms of
being able to achieve a certain acceleration demand from guidance. The vehicle should have the
control authority to attain this requirement.

Select one of the following options Exit | OK |

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix {Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

O 0 =~ e & oW o e

@ A 7X 3) Mixing Logic Matrix is required

The Mixing Logic Matrix translates the Flight Control [Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TWC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
[Kmix} from the Systems File: NewFile.qdr, or let the
program calculate it

Select a Mixing Matrix
from Systems File

I.'iEI'I.WI.I create :a new Mixing Logic you ha.\re the option of Maximum Alpha Capability
ljusting the participation of each effector in the Create a Mixing Matrix

combination matrix. Maximum contribution is 100%. Select Using All Effectors at The control effectors must be capable of varying the vehicle
this option for 100% participation from all effectors. 100% Participation angles of attack and sideslip (typically 3-5 deg) from their
trim values.

There are times, however, when you want to reduce their Enter the maximum expected alpha and beta dispersions
contributions. Plus some effectors are only used for Create a Mixing Matrix from trim in (deg) that must be controlled by the effectors,

Trimming and not for Control. Their participation should be by Adjusting the Effector and click OK.

set to 0% in the effector combination calculations. Contributions Maximum Maximum I—
Alpha [deg) 1.00p0 Beta (deg) 1.0000

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix I

EMIX1 : Mixing Logic for Lifting-Body Aircraft Descent from Space Trajectory at Time: 3000.0

EMIXM2T - Mixing Logic for Lifting-Body Aircraft Hypersonic Descent from Space at Time: 2601.0
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Rotation Control Authority |dQ/dQmax|<1 for 1 (deg) of Alpha & Beta Variation
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Max Angular Accelerations (rad/sec”*2), at Maximum +ve and -ve Control Demands
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The above performance analysis results show that in the longitudinal direction the vehicle is unstable
with a peak time-to-double-amplitude 0.31 sec. In the lateral direction it is statically stable with a
Dutch-roll resonances peaking to 4.6 (rad/sec). The peak (Q-alpha, Q-beta) loading, with *1°
dispersion in amax and Pmax angles, is 3000 (psf-deg) which is acceptable. The control effort against
Omax @and Bmax dispersions is less than 0.5 in all three axes which allows sufficient control authority for
other functions. The CnfB-dynamic is positive which means that the vehicle is directionally stable, but
the LCDP ratio is negative and small in magnitude. It means that without RCS the roll control will be
reversed and slow, which may be acceptable since the roll maneuvers are slow during this phase. The
bank angle parameter (¢) is meaningless here and we ignore it because it is only applicable for near
landing. The maximum acceleration plots show the acceleration capability of the aerosurfaces. They
provide sufficient acceleration for control in positive and negative directions from trim. It should
typically be greater than 1.5 (deg/secz). The acceleration capability increases with dynamic pressure.
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Controllability Analysis by Using Vector Diagrams

Vector diagrams are 2-dimensional diagrams for analyzing the vehicle controllability in two directions
at a fixed flight condition. We visually compare the control moment capability of the aero-surfaces, in
roll and yaw in this case, against the aero-moments, in the same two directions, generated by the
wind-shear disturbance that is defined in terms of £f,.x. The vehicle must have the control authority
to counteract the disturbance moments. It is not just a magnitude comparison but it also allows us to
examine the directions of the controls against the direction of the disturbance. It helps to evaluate
the orthogonality of the control system, compare the accelerations magnitudes from the controls
against those generated from specified aerodynamic angles, and to determine if the controls are
more powerful and their directions are capable to counteract the disturbance moments in the roll
and yaw directions in this case. From the Trim menu select option (11), and select an arbitrary flight
condition to analyze in the middle of the alpha-control trajectory, corresponding to t=150 sec, at
Mach 27.

'3 5

Main Trim Menu

Select one of the following options Exit OK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data {CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis

LT=T= = I I = LY o I R L ]

11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

Select a Time from: [ 0.0000  to 300,00 ]to Analyze Wehicle

Contrallability ]4

|| 150,000

The following dialog consists of menus for selecting the vehicle mass, Mach number, alpha, and beta.
The default values correspond to the selected flight time. You may keep the default parameters or
change them into something different. In this case we select the default values and click "Select". The
disturbances are caused by wind-shear that is defined by the maximum alpha and beta produced. In
the following dialog enter the maximum disturbance angles (otmax and Pmax) and then select the (7x3)
control surface combination matrix "KmixM27" which is already saved in file Kmix.Qdr, as shown.
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e

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below
and click "Select"

Select

Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)

52795 5.000 29.0 0.00

77329 1100 220 -5.00
70031 1.200 23.0
53416 1.600 240 5.00
2.000 25.0
2,500 26.0
3.000 270
3.500 28.0
4.000

- |s00

e

The control effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their
trim values.

Enter the maximum expected alpha and beta dispersions
from trim in (deg) that must be controlled by the effectors,
and click QK.

Maximum Maximum
Alpha (deg) 1.0000 Beta (des) I 1.0000 ak

et oo

The Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TVC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: Kmix.qgdr, or let the program
calculate it

Select a Mixing Matrix
from Systems File

hen you create a new Mixing Logic you have the option of
ljusting the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select Using 4ll Effectors at
this option for 100% participation from all effectors. 100% Participation

There are times, however, when you want to reduce their
contributions. Plus some effectors are only used for Create a .Mix.ing Matrix
Trimming and not for Control. Their participation should be by Adjusting the

[set to 0% in the effector combination calculations. Effector Contributions

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix I

: Mixing Logic for Lifting-Body Aircraft Descent from Space Trajectory at Time: 3000.0
KMIXM27 : Mixing Logic for Lifting-Body Aircraft Hypersonic Descent from Space at Time: 2601.0
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Comparison between Maximum Roll & Yaw Control Moments (Green & Blue) versus
Moments due to Maximum Alpha/ Beta Dispesions (Red), Non-Dimensional
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Flight Time ----------------- : 150,
Mach Number ----------------- 1 5.00
Alpha and Beta Trim (deg) ---: 283 0.00
Dynamic Pressure (psf) ------ 8
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The above vector diagram shows the roll and yaw moments (non-dimensional) produced when the
roll and yaw FCS demands are maximized (before saturating the aerosurfaces). The solid blue vector

corresponds to max positive yaw FCS demand (8R+rcsmax), and the dashed blue vector in the opposite

direction corresponds to max negative yaw demand (ORrcsmax). Similarly, the green vectors

correspond to the maximum roll FCS demands (OPircsmax). The two red vectors represent the
disturbance moments generated by the variations in the angles of attack *any., and sideslip +Bmax

from their trim positions. The disturbance due to [ variations is mainly in roll, positive Bnax generates

a negative rolling moment because the vehicle has significant amount of dihedral effect. The red

rectangles centered at the tips of the arrows show the expected uncertainty in Cl and in Cn in this

flight condition. The aero-uncertainties are obtained from the uncertainties file "LiftBody.Unce".
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Comparison Between Yaw & Roll Control Moment Partials {Cn/delta R and Cl/delta_P}
(Blue and Green Vectors) Against Partials: {Cn_beta and CI_beta} (Red Vectors)
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Trim Conditions X
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The vector partials in the above figure show the moment partials variation in roll and yaw per roll and
yaw acceleration demands in (rad/sec?). The blue vector pointing towards the right is the moment
partials per yaw control demand {CnoRcs, CIORcs} which is entirely in the yaw direction. The green
vector pointing upwards is the moment partials per roll control demand {CndP¢cs, CIOPrcs} which is
mostly in the roll direction but it also couples into yaw. The red vectors at the bottom are the scaled
{Cnp, CIB} partials. Notice that CIf} is negative due to the dihedral and it is much bigger in magnitude
than Cnp. The red rectangle centered at the tip of the {Cnf, CIB} vector is due to the uncertainties in
the two partials from file "LiftBody.Unce".
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Partials of Roll and Yaw Accelerations per Roll and Yaw Control Accelerat Demands
(Rdot, Pdot)/Pdot_Dem (green), (Rdot, Pdot)/Rdot_Dem (blue), (rad/sec2)/(rad/sec2)
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The vector diagram in this figure shows the partials of the accelerations per acceleration demands in
roll and yaw. The green vector pointing upwards shows the roll/yaw acceleration per roll acceleration
demand {P/8Prcs, R/8Pecs), and the horizontal blue vector is the roll/yaw accelerations per yaw
demand {P/8Recs, R/SRecs). The axes units are in (rad/sec®) per (rad/sec?). Ideally, the mixing logic
matrix attempts to make them unit vectors pointing in their corresponding direction along the
+vertical and +horizontal axes. This would achieve perfect open-loop control. This ideal situation,
however, is rarely achievable open-loop, plus it would be unreliable. It is not even necessary to
diagonalize the plant because the control feedback compensates for imperfections. They are,
however, close to being orthogonal and they are pointing in the proper directions and this is
sufficient for flight control design
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Dynamic Modeling, Control Design, and Stability Analysis

We will now create a dynamic model of the reentry vehicle at a fixed flight condition in the
hypersonic region. We will demonstrate how to design pitch and lateral control laws in MATLAB®,
analyze control system stability in the frequency domain, and simulate its performance when tracking
alpha and phi commands. The same process is repeated for modeling, designing, and analyzing other
flight conditions in the same region of the trajectory. The control laws are eventually be used in a 6-
dof simulation and interpolated between design points. Notice that the control system linear analysis
and design is performed in separate folders at selected Mach numbers, under
"C:\Flixan\Trim\Examples\Lifting-Body Aircraft\ Reentry from Space\Mat_Anal", where each selected
flight condition is examined, designed, and analyzed separately. The control laws will later be used in
the 6-dof simulation and interpolated between the design points.

Vehicle Model Preparation

. . Select a Project Directo
Let us first create a dynamic model for our reentry O el o
vehicle at t=12 (sec), which corresponds to Mach 27. Jody AircraftiReeentry from Space\Trim_AnallAlpha_Contral
Start the Flixan program and select folder: "C:\Flixan\ . ), Mat_Anal -
Trim\Examples\Lifting-Body Aircraft\ Reentry from > W Re-Entry Smulation (6-dof,
4 | Trim_Anal
Space\Trim_Anal\Alpha_Control". From the Flixan . 1) Alpha_Control
menu bar go to "Program Functions" and select the : Approach_Land
i . . . Gamma_Control =
"Trim/ Static Performance Analysis" program, as | Nz_Contral
shown below J Re-Entry Glider
' J Reusable Space Plane
, Word i
4 m 3
OK ] [ Cancel
“ Flixan, Flight Vehicle Modeling & Control System Analysis
Utilities  File Management [Program Functions] View Quad  Help
Flight Vehicle/Spacecraft Modeling Tools 4 Flight Vehicle, State-5Space
Frequency Contrel Analysis » Actuator State-Space Models
Robust Contrel Synthesis Tocols 3 Flex Spacecraft (Modal Data)
Creating and Medifying Linear S}fstems Create Mixing Logic/ TVC
‘ Trim/ Static Perform Analysis
Flex Mode Selection
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From the Trim filenames selection menu below, select the following files. Use the next dialog to
create a new input filename "Hyperson_M27.Inp" that will receive the vehicle input data plus other
Flixan related model building data.

- —
Select One Data File from Each Menu Category

The following analysis requires some dafa fles 10 be selecied from
the current project direciory. Select one data fle for each

caiegory, (some of the categories are opdonal).

Mass Properties Surface Hinge Moments
| Lift_Body.Mass v/ | LiftBody.HMco |

Aero Damping Derivat
I LiftBody.Damp j

Trajectory Data
|mph a_Cntrl Traj

=

|

i LIE Enter a File Mame containing Erter a File Mame containing
IND DATA FILE j the [nput Data (s np) the Quadiple D ata [xxe.0dr)

Basic Aero Data
ILiftBDdy_Easic.Aeruj

Hyperzan_M27 Inp Hypersan_ 27 Qdi

MewFile.Inp K.rnis. qdr
|LiftBody.unce | NewFile.qch
MewFile.Cldr

Contr Surface Aero Coeff Aero Uncertainties
| LiftBody_Surf.Delt |

Slosh Parameters

MO DATA FILE -

Create Mew Input Set I E xit Program Select Files

From the Trim main menu select option (5) to create a state-space dynamic model. A dialog reminds
the user how to select a flight time for the dynamic model, click "OK". From one of the trajectory
plots go the top menu bar, and choose "Graphic Options", and then from the vertical pop-up menu
click on "Select Time to Create State-Space System". Then with the mouse click at time t=12 sec, along
the x axis, and confirm that you have selected the correct time by clicking "OK". Otherwise, click
"Cancel" and try again.

Select one of the following options Exit |

1. Plot Aero Coefficients, Derivatives, and Control Surface Increments

2. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

3. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
4. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

5. State-Space Modeling of the Flight Vehicle at Selected Times

6. Performance and Stability Parameter Plots Along Trajectory Time

7. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

8. Moments at the Hinges of Control Surfaces Along the Trajectory Time

9. View and Modify Vehicle Data {CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

5-20



The following dialog shows the flight vehicle parameters prepared by Trim for the selected flight
condition. They are extracted from the vehicle data files. The user can modify some of the data or
titles using this dialog before saving it. Click on the "Update Data" button after every modification. Do
not run it yet because there is more work to be done and more data to be included in file
"Hyperson M27.Inp". Instead, click on "Save in File" and the vehicle data will be saved in file
"Hyperson_M27.Inp", under the title "Lifting-Body Aircraft Hypersonic Descent from Space /T= 12 sec
(Simul Model)". The file "Hyperson_M27.Inp" will eventually be processed by Flixan to generate the
vehicle systems for control design and analysis using Matlab/ Simulink. However, in addition to the
vehicle data this (already prepared) input file contains also system interconnection and modification
data which are related to this analysis and will be processed by Flixan. The systems and matrices
generated by Flixan will be saved in file "Hyperson M27.Qdr".

7 \

Flight Vehicle Parameters

Yehicle System Title Edit Inout Fil | Esit |
Lifting-Body Aircraft, Hypersonic Region/ T= 12 sec e H
Mumber of ¥ehicle Effectors Mumber of Sensors Modeling Options [Flags) Update Data | Run |

Output Rates in Turn Coordination ?

Stability Awes

Gimbaling Engines or Jets,
Include T ail-w ags-Dog?

’T Gyros ’T
’7 m Acceleromet ’T

Save in File

Mumber of Modes

Include Turn Coordin
Fiatating Control Surfaces. Wwithout Turh Coordin

Include T ail-w'ags-Dog?

Reactioh Aero-Elasticity Options Attitude Angles
wheels? o Momentum Control Devices (e RS . Include GAFD.H Structure Bending a
) nelude . H-param rﬂmm
g[ng'jjlel gnclg_?le :I%-axebls Ves e I Integrals of Rates
imbal i} tabilized D ouble whernal Meither Gafd nor Hpa LWLH Attitude Fuel Sloshing: 1}
CMGs? Gimbal CMG System? TeraEs a g

Reaction ‘Wheels ] Single Gimbal CMGs ] Double Gimbal CMG System ] Slewing Appendages ] Gyros ] Acceleometer ] Aern Sensors ] Fuel Slogh ] Flex Modes ] Uszer Hotes ]
Masz Properties ] Trajectory Data ] Gust! Aera Pararmet. ] Aero Force Coeffs ] Aero Maorment Coeffs Control Surfaces l Girbal Engines/ RCS ] External Torques ]

MNext Surface

Control Surface Mass Properties

Contol Surface Masz in 1.000000
[Shugsz)

This ¥ehicle has 7 Control Surfaces Control Surface No: 1 |Left Elevon

4015813
30.00000

Surface Definition

Surface Rotation Angles

) o Surface Location [ft) and Hinge Orientation Angles [deg)
Surface Trim Position [deq)

Xcs -28.00000

Largest Positive Deflection fram

Vit {226 Yes | -7.000000 Phi_cs 4500000
Largest Negative Deflection from .30.00000 Moment of nertia about [ 0 3000000
Trim [deg) Zos -5.000000 Lambda_cz 5.000000 Hinge [slug-ft"2)

Aero Force Denvatives

Ca_delta | 0.7618667E-03
Cy_delta  |-0.8044667E-03
Cz_delta  |-0.2520133E-03

Lero Moment Derivatives

Cl_delta -0.1508467E-02
Cr_delta  |-0.8303334E-04
Cn_delta | 0.9763334E-03

Ca_dea_dot | 0000000
Cy_delta_dot 0.000000
Cz_delta_dot 0.000000
Cl_delta_dot 0.000000

Crr_delta_dat | 0.000000
Cri_delta_det 0.000000

Contral Force Derivatives
due ta Surface Deflection
[1/deqg) and Contol Force
Derivatives due to Surface
Rate (1./deg/zec)

Control Morment Derivatives
due to Surface Deflection
[14deq) and Cantral
Moment Dervatives due to
Surface Rate [1/degdzec)

Momant A (feet],
Surface CG to Hinge
Contral Surface Chord
[feet]

Contral Surface
Reference Area (2

1.000000
1.700000
8.500000

Hinge toment Dervatives

Chr_lpha | 0.1745000E-02 Hinge Maoment
Derivatives n_nwth respect
Chm_Beta 0000000 te Changes in: Alpha,
- Beta, Surf Deflection )
Chm_Dela |-07870133€-02 (1/deg] and changes in
M ach Mumber

Chm_Mach 0.000000

Let us now take a look inside file "Hyperson MZ27.inp" that has already been prepared in the example
folder and see what it contains. The preparation details are omitted here because they are beyond
the scope of this example. The file contains several sets of data and each set corresponds to and it is
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processed by a Flixan utility. The Flixan program will create systems and matrices that will be used for
control analysis using Matlab in the next section.

1. At the top of the file there is a batch set for processing the remaining data-sets in batch mode. This is
faster because it processes them all together, instead of each one interactively. Its title is "Batch for
analyzing the Hypersonic Phase of the Lifting-Body Vehicle".

2. Below the batch there is a flight vehicle data set that generates the vehicle simulation model at t=12 sec
that corresponds to Mach # 27. Its title is "Lifting-Body Aircraft Hypersonic Descent from Space /T= 12 sec
(Simul Model)". Its output vector is in the body axis.

3. The next set generates the same vehicle model but instead the rates are in the stability axes instead of
body. The turn-coordination flag is also turned-on. It means that the roll and yaw rates are about the
velocity vector and they include also the turn-coordination terms which assume that the turn-coordination
logic is included in the vehicle model. Its title is "Lifting-Body Aircraft Hypersonic Descent from Space /T=
12 sec (Stability Axis)".

4. The next set generates a mixing logic matrix "KmixM27a" that converts the (roll, pitch, and yaw) flight
control demands to 7 aero-surface deflection commands. Its title is "Mixing Logic for Lifting-Body Aircraft
Hypersonic Descent from Space /T= 12 sec". Notice that the 4 body-flaps are de-emphasized in the mixing-
logic matrix calculation because their maximum deflections from nominal in the vehicle input data are
reduced to 10° instead of 30°. This places higher demands on the elevons and rudder.

5. The next two sets calculate pitch and lateral state-space design plants for the LQR design method. The LQR
algorithm uses these models to calculate state-feedback gains. The state-feedback gains in combination
with the mixing matrix convert the vehicle state variables to deflection commands for the seven aero-
surfaces.

6. The last 4 data-sets in the input data file convert the systems created to Matlab function (*.m) format so
they can be loaded into Matlab for further analysis. The simulation model is saved in file "vehicle_sim.m".
The design plants are saved in files "Pitch_des.m" and "Later_des.m", and the mixing-logic matrix is saved
in file "KmixM27a.Mat". The mixing-logic matrix is modified by the analyst to "KmixM27.Mat" in order to
further enhance roll controllability (the magnitude of the LCDP ratio was too small otherwise).

Processing the Batch Using Flixan

The Flixan data-sets that will be used for the preparation of the vehicle models and the batch set for
quick data processing have already been created in file "Hyperson_MZ27.Inp". This file has been
moved to folder "C:\Flixan\Trim\Examples\Lifting-Body Aircraft\Reentry from Space\Mat Anal\
Mch_27", where the control analysis will be performed using Matlab. The user must process this file
in Flixan as follows. Start Flixan and select the project directory that contains the input data file. Then
go to "Edit", "Manage Input Files" and then "Process/ Edit Input Data". When the following dialog
appears, select the input data file "Hyperson_M27.Inp" form the left menu and click on "Select Input
File". The menu on the right lists the titles of the data sets which are included in this file. On the left
side of each title there is a short label defining the type of the data-set. It also identifies which
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program utility will process the data-set. On the top of the list there is a batch created to process the
whole file. In order to process the batch, highlight the first line titled "Batch for analyzing the
Hypersonic Phase of the Lifting-Body Vehicle", and click on "Execute/ View Input Data". Flixan will
process the input file and save the systems and matrices in file "Hyperson_M27.Qdr". It will also
create the matrices and system functions for Matlab analysis.

Select a Project Directo_ [

ifting-Body Aircraft\Reentry from Space\Mat_Anal\Mch_27

L M20-M15 -
| M5

| Mch_0.5

| Mch_0.7

| Mch_0.9

L) Mch_1.1 (n
|/ Mch_2.5

| Mch_20

[l Mch_27|
| Mch_4 i

-
*uw Flican, Flight Vehicle Modeling & Control System Analysis _

File I Edit ] Analysis Tools  View Quad  Help
Manage Input Files ("Inp) b Create or Edit Batch Data
Manage System Files (*.Qdr) » Process / Edit Input Data

i N

Paint to an Input D ata Filename
and Click"Select [nput Fils" The following zets of input data are in file; Hyperson M27.1np

Hyperzar_M27.lnp Bun Batch Mode : Batch for analyzing the Hypersonic Phase of the Lifting—Body Vehicle

Flight Vehicle : Lifting-Body Aircraft Hypersonic Descent from Space /T= 1Z sec (S5imul Model)
Flight Vehicle : Lifting-Body Zircraft Hypersonic Descent from Space /TI= 12 sec (Stebility Axis)
Mixing Matrix : Mixing Logic for Lifting-Body Rircraft Hypersonic Descent from Space /T= 12 sec
System Modificat : Lifting-Body Aircraft Hypersonic Pitch Design Model

System Modificat : Lifting-Body Aircraft Hypersonic Lateral Design Model

To Matlaek Format : Lifting-Body Aircraft Hypersconic Descent from Space /I= 12 sec (Simul Model)

To Matlabk Format : Lifting-Body Rircraft Hypersonic Pitch Design Model

To Matlab Format : Lifting-Body Rircraft Hypersonic Lateral Design Model

To Matlab Format : Mixing Logic for Lifting-Body Rircraft Hypersonic Descent from Space /T= 12 sec

Select Input File | Edit File |

Execute/ View [nput Data |

Delete Data Set in File |

Relocate Data Set in File |

Thiz batch set creates dynamic models for control design and simulations of the liting-body vehicle during the early re-entry phase at Machit 27 1t
creates a model in the body axis for simulation purpazes. It creates also bwo additional models [pitch and lateral] for control design far using the LOR
method, The lateral design model iz in the stability axes [roll and paw rates are measured about the velocity vector [W0). All 7 aero-sufaces are uzed to
cohtral the vehicle.

Copy to Another File

Wiew Data-5et Comments I
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LQR Control Design

Two separate dynamic models are created for control design and linear analysis. The output rates in
the first model are defined in stability axes (roll rate is about the velocity vector), and it is used for
control design. The output rates in the second dynamic model are body rates, and it is used for linear
analysis and simulations. A mixing logic matrix "KmixM27" is also created to convert the (roll, pitch,
and yaw) flight control demands to 7 aero-surface deflection commands. The participation of the 4
body-flaps is de-emphasized in the calculation of KmixM27 because we would prefer the elevons and
rudder to be more active in flight control having greater control authority and bandwidth. The pitch
and lateral design models are combined with the mixing logic and the LQR method is used to
calculate state-feedback gains. The file "init.m", below, loads the simulation and design systems and
the surface mixing matrix into MATLAB® and performs the pitch and lateral LQR designs.

dZr=pi/180; rZd=180/pi:

[Aps, Bps, Cps, Dps] = pitch des; % Load Pitch aerro-surf Design Model
[4ls, Els, Cls, Dls] = later des; % Load Lateral asro-surf Design Model
[Ave, Bve, Cwve, Dwe] = wehicle sim; % Simulation Model &-dof

load EmixMZ7.mat -—-ascii; Emix=FmixM27; % Load Surfaces Mix Logic (7 x 3)
alfal=29.274; V0=24£75.1; ThetO0=27.£9; ge=32.174:;% Additional Vehicle Param=ters
calfa=cos (alfal*dir): salfa=sinialfal*dir): % for Body to Stabkility Transform

% Conwvert Lateral 3tate Vector from Body to 3tability Axes, OJutputs=3tates

[A14,E14,C14,D14]1= linmodi'Ld=s5x'):; % S-state model {ps,rs,.bet,pint,betinc}
Al5= Cl4*Al4*inv(Cl4); Bl5= Cl4*B1l4; % Stability axis System
Cl5= Cl4*inwvi(Cl4): D15= D14:

% Lateral LQOF Design Using Only the BCS Jets
B=[1,1]*5; R=diag|(PR):

0=[1 0.4 0.5 0.2 0.005]*3; Q=diag(d):
[Eyr,S,2]=1gr (Al5,B15,0,R)

save Kpr MI7 O.mat Epr -ascii

States: {ps,rs,bet,psint|,betint}

Cntrl LQE Weights B=[1,1] *5

State LQFE Weights QO=[1 0.4 0.5 0.2 0.005]
Lateral LOR design

E

% Pitech LQE Design Using the 7 Asero-Surfaces States: {gami,gama,d,alfa,alfintc}
[Ap4,Bp4,Cp4d,Dp4]l= linmod|('Pdssdxkb'):;
P=4; Q=[0.001 0.1 Z0.0 100]; Q=diag(Q):
[Eq,s,2]=1qr (Ap4,Ep4, 2, R)

save Kq M27 D.mat Eq -ascii

LQR Weights {gama,q,alfa,alf int}

U

Perform LOF design on 3urf

Pitch Design

The pitch design model "Lifting-Body Aircraft Hypersonic Pitch Design Model" from file "pitch_des.m"
consisting of states: {0, q, and a}. It is augmented (using Simulink file Pdes4x.Mdl) to include also a-
integral in the state-vector. The phugoid states (6h and 8V) are not included in this model. The pitch
controller is a (1x4) state-feedback gain matrix Kg_M27_0.mat of states: (0, g, o, a-integral). It
regulates the angle of attack, which is initially at 30° and gradually it is reduced to smaller values, as
required to control heating.
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The following Simulink model "Sim_Pitch_Simple.Mdl" is used for evaluating the pitch LQR design. It
includes the state-feedback matrix Kg and the mixing-logic matrix KmixM27. It shows the system's
response to 1° change command in alpha. The control deflections are mainly in the two elevons but
the four body-flaps are also participating by smaller amounts. This is adjusted by the Q and R
matrices in the LQR algorithm.

l]deltam —-— ". rnalf i =g x
SHEPLL AERE @ P S e Perp HABE >y

Pitch LQR Evaluation Sim Model

ﬂ‘li ng-Body Airceaft

7 Surface Deflections HYPEI_SEI'”C Fitch
in (deg) Ds.slgn. Model I thets
from file pitch_des.m
2d2
”1 o | X' = Ax+Bu

7| y=Cx+Du

deltafi)

alphs

-
-
alf r2d

Kmix{Z:-g—E IEI t ﬁ'
F 3
alfa_cmd
Surface Feddbad via kg
Q_suwrf /K/"'# _
\\J 4 state feedback

Figure 2 Pitch Simulation Model **Sim_Pitch_Simple.mdI'* for evaluating the Pitch LQR Design

Lateral Design

The lateral design uses the system "Lifting-Body Aircraft Hypersonic Lateral Design Model" from file
"later_des.m" consisting of states: {ps, rs, and B}. The rates are defined about the velocity vector. It is
augmented (using Simulink file Ldes5x.Mdl) to include also ps-integral and B-integral in the state-
vector. The stability axis model is preferred over the body axis model in the lateral LQR design
because the vehicle is commanded to roll about the velocity vector. Rotating about Vo minimizes the
beta transients and the lateral loads during turns. The lateral LQR state-feedback controller is a (2x5)
gain matrix of: (ps, rs, B, ps-integral, B-integral) states, and performs roll maneuvers by rolling the
vehicle about the velocity vector V.
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The lateral dynamic model used in the LQR design also includes the turn-coordination terms. It
assumes that turn-coordination is included in the vehicle model. The state-feedback matrix generated
by the LQR algorithm using Matlab is a (2 x 5) gain matrix "Kpr_M27_0.mat".

(M) o g | i & (=@ = ]
5@]@/@ dh B B » ools  Help 5@]@}‘3 dh (2 =B P

Lateral LQR Evaluation Sim

Time offset: 0 Aero-Surf LﬂﬂpS Time offzet 0
Lifting-Body Aircraft
Hypersonic Latersl
Surface Deflections DE,E'IQH Model
. from file later_des.m
in {deg)
® = Ax+Bu
y = Cx+Du
deltai r2d1
0 3-state Later btz
Wehidle [stakil)
n beta | = | = X4 |
SEPLLL ABE ”- beta 120
Kmix{1,3) |E|4—<ﬁ‘—
phi r2d 30 deg phi-cmd
. R L,
Hru Estate fesdback
State feedbads via Kpr
100% oded5
Time offzet: 0O

4

Figure 1.3 Lateral Simulation Model "*Sim_Later_Simple.mdI** for evaluating the Lateral LQR Design

The Simulink model "Sim_Later_Simple.Mdl", shown in Figure (1.3), is used for evaluating the lateral
LQR design. It includes the state-feedback matrix Kpr and the mixing-logic matrix KmixM27. It shows
the system's response to 30° roll command about the velocity vector. The surface deflections are

mainly in rudder and differential elevons. The disturbance in beta is very small as expected which
minimizes the lateral load.
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Linear Simulation Model

The design for the Mach 27 case is tested using the
linear simulation model shown in Figure 1.4. It
the
commands and to wind disturbances. The Matlab

analyzes coupled system's response to
simulation model is in file "Simul_6dof.mdl". The
output rates in this model are body rates since the
rate-gyro measurements are in body axes. The

controller, however, was design based on the

p_b

phi

Body to Stability Axes Transformation

g cos{Thetd) /WD

g sin{Thetd) A0

stability axis model and it expects to see roll and yaw rates about the velocity vector Vo. A body to

stability axis transformation block is, therefore, included in the simulation to convert the (p & r) body

rates to stability rates (pswp & rstab) because the LQR controller expects roll and yaw rates relative to

the velocity vector V,. The linearized turn-coordination terms are also included in this block. During a

roll maneuver the surface deflections are mainly in rudder and differential elevons and the transient

in beta is small which minimizes the lateral load, as expected.

Body to Stability

Lifting-Body Aircraft Axis Tranform

phil— e |phi

P Wb

body rates
I

per—p=
stability rates

-
I_s

Lateral

Flight Control

Pitch Flight Contral

Aero-Surface Feedback Loop
(roll, pitch, yaw) accel demands

dR!
L
— - {POR dem bet
thet o= theta
—
g gt 4Q L
alf  JEl

Figure 1.4a Simulation Model in File "*Simul_6dof.MdI"
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Figure (1.4b) shows the vehicle dynamics (green) block expanded. It uses the body-axis vehicle model
"Lifting-Body Aircraft Hypersonic Descent from Space /T= 12 sec (Simul Model)" that was generated
by Flixan and it is loaded into Matlab from file "vehicle_sim.m". The inputs to this block are: roll,
pitch, and yaw acceleration demands from flight control which are converted into surface deflections
by the surface mixing logic Kmix. Low-pass filters are also used to model the actuator dynamics. The
gust input is a low-pass shaped gust impulse of 30 (ft/sec) velocity. The direction of gust is defined
relative to the vehicle in the input data file "Hyperson_M27.Inp", and it excites both pitch and yaw,
perpendicular to the X-body and at 45° between +Y and +Z axes (typical).

Vehicle Simulation Model

delta r2d
=

7 Surface Deflections

Actust i
Kmix

Sl 1

PQR dem
Effector Mixing
Matrix
W-Gust
gust
Inputs = &
1 Left Elevon Deflection (radians)
2 Right Elevon Deflection (radians)
3 Rudder Deflection (radians)
4 Upper Left Body-Flap Deflection (radians)
5 Upper Right Body-Flap Deflection (radians)
& Lower Left Body-Flap Deflection (radians)
7 Lower Right Body-Flap Deflection {radians)
B Wind Gust Azim, Elev Angles=(45, 90) (deg)

1
w-body
(%)
et [®
—
Lifting-Body Aircraft 9
Hypersonic Descent from Space [ _.' "*@
= i thet
T=12 sec (Simul Model) £ =@
file vehi . alf
ile vehicle_sim.m r
T
¥ = Axc+Bu | ) --D
y = Cx+Du =®
bet
dv o r2d
(Sr»[im=] i T
Clock Time . alfa
beta
a7z Vel Xrang
240 9540 T2 ‘—@ acceler —»
Gust Smoother Gust —b— albet
Outputs = 14
1 Roll Attitude (phi-body) (radians)
acce| 2 RollRate (p-body) (rad/sec)
E" 3 Pitch Attitude (thet-bdy) (radians)
4 Pitch Rate (g-body) (rad/sec)
5 Yaw Attitude (psi-body) (radians)
& Yaw Rate (r-body) (rad/sec)
7 Angle of attack, alfa, (radians)
B Angle of sideslip, beta, (radian)

Change in Altitude, delta-h, (feet]
Forward Acceleration (V-dot) (ft/sec)
Cross Range Velocity (Vo) (ft/sec)

CG Acceleration along X axis, (ft/sec"2)
CG Acceleration along Y axis, (ft/sec™2)
CG Acceleration along Z axis, [ft/sec*2)

Figure 1.4b Vehicle Dynamics Block including the aero-surface Mixing Logic, Gust disturbance and Actuators

The pitch and lateral control laws are state-feedback gains as already described. The pitch controller
consists of a (1x4), (6, q, o, a-integral) state-feedback gain Kq. It regulates the angle of attack which is
initially at 30 (deg) and gradually it is reduced to smaller values, as required to control heating. The
lateral controller is a (2x5), (ps, Is, B, ps-integr, B-integr) state-feedback gain Kpr. It is used to perform
roll maneuvers by rolling the vehicle about the velocity vector (Vo).
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Pitch Flight Control System

3 — +
O alf FQ > Surface state-feedback

alf via Kg

g O

alfa_comd alpha-cmd

Lateral Flight Control System

ps = 5 state Surface feedbadk

Er—» i -

& >
beta Int ) @
O
g IR g >
Int
phi r2d
=
" [phiend]
phi_cmd
30 deg
phi-cmd

Figure 1.5 Pitch and Lateral state-feedback Control Laws derived by the LQR method
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Simulation Results

The following plots were obtained from the simulation model above by simultaneously applying
commands in both alpha and phi for the Mach# 27 case. That is, o_cmq¢=1°, and ¢_cmg=30°. Both alpha
and phi respond as expected to the step commands. The vehicle rolls 30° about the velocity vector
creating a very small sideslip transient in 3.
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Stability Analysis

Figure 1.5 shows the Simulink model "Stab_Anal.mdI" used for analyzing the stability margins in the
frequency domain. This model is similar to the simulation "Simul_6dof.MdI" but it is configured for
open-loop analysis. One loop is opened at a time and the other two loops are closed (in the case
shown below the pitch loop is opened). The Matlab file "Frequ.m" uses this model to calculate the
frequency response across the opened loop. The next two figures show the Nichols plots in the pitch
and roll directions and the red lines show the phase and gain margins for the Mach # 27 case.

Stability Analysis Model
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Figure 1.5 Stability Analysis Model "Stab_Anal.mdI" used for frequency response analysis
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1.2 Normal Acceleration Control Mode

As the a-command is beginning to come down from 29.5°, at t=270 sec the flight control system is
transitioning from the alpha-control mode to the Nz-control mode by using feedback from the normal
accelerometer. Initially it attempts to maintain a steady Nz of -33.5 (feet/sec?) and the command is
gradually reduced to a smaller value. The angle of attack is also gradually reduced and the descent
rate is observed in the flight-path angle y that begins to come down steeper.

This section of the trajectory is analyzed in folder "C:\Flixan\ Trim\Examples\Lifting-Body Aircraft\
Reentry from Space\ Trim_Anal\ Nz_Control". The Nz-controlled section of the trajectory is in file
"Nz_Control.Traj". The surface mixing matrix "KmixM10" has already been calculated and saved in file
"Kmix.Qdr". The remaining files are the same as in the alpha-control section. The following figures
show some of the trajectory parameters in the Nz-control region of the trajectory between Mach (19
to 5).

Angles of Attack/Sideslip/Flight Path (deg), Lifting-Body Aircraft Nz-
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Sensed Acceleration in (ft/sec*2), Lifting-Body Aircraft Nz-Control
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Aerosurface Trimming

We will now trim the aerosurfaces along
this Nz-control section of the trajectory to
determine the new aerosurface trim
positions that balance the vehicle moments,
similar to the a-control region. Only the
moments are trimmed, no translational
trimming is necessary in this phase.

Start Flixan and select the appropriate files
in folder "C:\Flixan\ Trim\ Examples\ Lifting-
Body Aircraft\ Reentry from Space\
Trim_Anal\ Nz_Control". From the Trim
main menu choose option-3 for trimming.
Do not select a trim initialization file and
select to trim only along the three rotational
moments, roll, pitch, and yaw. The program
will determine a combination of surface
deflections that balance the moments
based on the individual surface capabilities.
The trim aerosurface deflections are then
saved in file "Nz_Control.Trim".

Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Nz-Control

-

Select One Data File from Each Menu Category

The following analysis requires some daia files 10 be selecied from
the current project directory. Select one data file for each

caiegory, (some of the caigories are oponal).

Mass Properties

Surface Hinge Moments
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Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Nz-Control
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Notice that the trim angles of the lower left and lower right body-flaps have come down to smaller
angles in comparison with the previous alpha control region. They now trim at approximately 5°
instead of 33° earlier. This is because the angle of attack also came down from 30°. The Elevon trim
angles did not change much.

Hinge Moments along the Trajectory

The hinge moments Option-8 from the Trim main menu calculates and plots the moments at the
hinges of the 7 aerosurfaces along the trajectory as a function of time. It uses the hinge-moment
coefficients data from file "LiftBody.HMco" to calculate the moments as described in equation 3.50.
The hinge moments are saved in file "Nz_Control.HiMo", as a function of the trajectory time.
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|

Select one of the following options Exit |

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix {Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time
7. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects
9. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

Moments at Control Surface Hinges (ft-Ib), Lifting-Body Aircraft Nz-Control
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Moments at Control Surface Hinges (ft-Ib), Lifting-Body Aircraft Nz-Control
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This option is useful for sizing the actuator torques. It is, however, available only when a hinge-
moments coefficients file ((HMco) is available in the project directory.
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Performance Parameters along the Nz-Control Phase of Trajectory

We are now in able to calculate the static performance parameters along the Nz-control phase of the
trajectory. It is important to select the systems file "Kmix.Qdr" before beginning the performance
analysis because it includes the new mixing matrix KmixM10 that will combine the seven aerosurfaces
together. A new input filename "Nz_M10_0.Inp" is also created that will include the input data for
the dynamic model.

- —
Select a Project Direcmr_A 5

1g-Body Aircraft\Reentry from Space\Trim_AnaliNz_Control

- T
s reemyonspae < || [ EnterFienames T

[» |, Figs

. | Mat Anal Enter a File Mame containing Enter a File Mame containing

> )y Re-Eniry Simuation (6-dof) the Input Data [we.Inp) the Quadruple [ata [+ Qi)

4 |}, Trim_Anal i M10_0Inp | i o

= |, Alpha_Control E NenFilel
ewFile. Inp
.. Approach_Land MHewFie.qdr

., Gamma_Control
| L, Nz_Contral |
[» ) ReEntry Glider o

MewFile. Edr

| Create Mew lnput Set I | E it F'ru:ugraml | Select Files I

Use the Trim main menu to select option-6 and generate the static performance and stability
parameters along the Nz-controlled section of the trajectory. These parameters are described in
Section 3. However, before analyzing the vehicle performance, the program needs to know how the 7
aerosurfaces are combining together to control the 3 rotational axes. The mixing logic matrix defines
the effector allocation along roll, pitch, and yaw, and the control effectiveness strongly depends on
this matrix. We will select the matrix KmixM10 from file "Kmix.Qdr". We must also define the
maximum wind disturbance in terms of (omax and Pmax) angles which are both set to 1° in this case.

,

Select one of the following options Exit | OK |

1. Plot Aero Coefficients, Derivatives, and Control Surface Increments

2. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

3. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
4. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

5. State-Space Modeling of the Flight Vehicle at Selected Times

b,

7

8.

9

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)
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Define the Effector Combination Matri:

The Mixing Logic Matrix translates the Flight Control [Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TWC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: NewFile.gdr, or let the
program calculate it

Select a Mixing Matrix
from Systems File

When you create a new Mixing Logic you have the option of
adjusting the participation of each effector in the
combination matrix. Maximum contribution is 100%. Select
this option for 100% participation from all effectors.

Create a Mixing Matrix
Using All Effectors at
100% Participation

Maximum Alpha Capabili

The control effectors must be capable of varying the vehicle

There are times, however, when you want to reduce their
contributions. Plus some effectors are only used for
Trimming and not for Control. Their participation should be
set to 0% in the effector combination calculations.

angles of attack and sideslip (typically 3-5 deg) from their
trim values.

Enter the maximum expected alpha and beta dispersions

Create a Mixing Matrix o=
from trim in {deg) that must be controlled by the effectors,

by Adjusting the Effector
Contributions

Maximum 1000

and click OK.
Maximum
peva toem) | 0000

Alpha [deg) .

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix I

KMIX3

EMIXMLO : Mixing Logic for Time: 849.0

- Mixing Logic for Lifting-Body Aircraft Hypersonic Descent from Space at Time: 3201.0
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Bank Angle, LCDP Ratio, Cn_beta_dynam /deg, Lifting-Body Aircraft Nz-Control
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The performance results show that in the longitudinal direction the vehicle initially is statically
unstable with a peak time-to-double-amplitude 0.5 sec, but as the angle of attack is reduced it
becomes statically stable, after t=550 sec, with a short-period resonance of 2 (rad/sec) or 3% static
margin. In the lateral direction it is statically stable with the Dutch-roll resonances peaking to 3.6
(rad/sec). The peak (Q-alpha, Q-beta) loading due to the (amax and Bmax) dispersions is 1700 (psf-deg),
which is lower than before. Remember, that this is due to the 1° of (0max and Pmax) peak excursions.
The magnitude of the control effort required to overcome the tamax and +Bmax dispersions does not
exceed 0.5 in all three axes. It is symmetric in both directions from trim. This allows sufficient control
authority for other functions. The Cnp-dynamic is positive which means that the vehicle is
directionally stable. The LCDP ratio is now becoming positive after 400 sec and its magnitude
increases to 2. This improves the roll controllability and it does not require roll-reversal. The bank
angle parameter ¢ is the bank angle due to a Bmax= 1°. It is useful only near landing.
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Contour Plots Analysis

Contour plots allow us to assess vehicle performance over the entire Mach versus Alpha range. The
contour plots are selected from the 10™" option in the Trim main menu, as shown. Performance
parameters are function of the effector mixing matrix. We must, therefore, select again the matrix
KmixM10 from file "Kmix.Qdr".

| A

Select one of the following options Exit oK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix {Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

Performance and Stability Parameter Plots Along Trajectory Time

Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Mu»dlf*,r Vehicle Data [{:G MRC, TVC, Surfaces) for Dlspersu}n Analyrsm
11. Vector Diagrams for Maneuverability & Stahlllt‘,-' at Selected Flight Conditions
12. Plot and Compare Previous Data Files [Traject, Trim, Perform, Hinge Moment)

PR

The following figures show contour plots for some of the critical performance parameters. The first
two plots show the pitch and lateral stability parameter (T2-inverse) in the entire Mach versus alpha
range. The Nz-control trajectory is shown by the dark line beginning in the upper right-hand corner
and ending in the lower left-hand side. In the pitch axis the vehicle is unstable at angles of attack
greater than 13° because T2-inverse>0. The rate of instability, however, is manageable. Neutral
stability in pitch occurs at approximately a=12.5° as seen by the thin almost horizontal white band. In
the lateral direction the vehicle is statically stable across the entire region and the stability parameter
is almost constant. The LCDP ratio which is a measure of dynamic roll controllability is good for angles
of attack below 14°. The contour plots were calculated using a constant mixing-logic matrix and it
seems that a different mixing logic should be used at high angles of attack. In actual flight or
simulations the mixing-logic is not constant but it is also scheduled similar to the control gains as a
function of Mach and alpha. The pitch and yaw control authority against 1° of amax and PBmax aero
disturbances is very good. The roll control authority for Bnax= 1° disturbances is marginally acceptable
for angles of attack below 11°.
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Controllability Analysis by Using Vector Diagrams

Vector diagrams are 2-dimensional diagrams used for analyzing the vehicle controllability at a
specified flight condition. We compare the control authority of the aerosurfaces in two directions
against the effect of wind-shear disturbance on the vehicle due to beta in the same two directions
and determine if the vehicle has the capability to counteract the disturbance moments. Vector
diagrams also analyze the orthogonality of the control system; compare the acceleration magnitudes
of the controls against dispersions, and determine if the effectors are powerful enough and capable
of counteracting the disturbance moments along the control directions. From the Trim menu select
option-11, and then an arbitrary flight condition at t=800 sec, which is in the middle of the Nz-
controlled trajectory, corresponding to Mach 10. The following vector diagram analysis corresponds
to the selected flight condition. The aero disturbances are defined by the maximum oinax and Bmax
dispersions from trim which are set to £1°. A 7x3 control surface combination matrix "KmixM10" was
designed for this Mach 10 flight condition.

,

Select one of the following options Exit | oK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix {Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

Performance and Stability Parameter Plots Along Trajectory Time

Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)
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The following dialog consists of menus used for selecting the vehicle mass, Mach number, alpha, and
beta. The default values that correspond to the selected flight time were selected by clicking on
"Select". The wind-shear disturbances are defined by the maximum alpha and beta produced. In the
following dialog enter the maximum disturbance angles (0max and Bmax)=1°, and then select the (7x3)
control surface combination matrix "KmixM10" from file Kmix.Qdr, as shown.

rervetonraprerees

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below
and click "Select"

Select

Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)

5.000 7.00 0.00

77329 1100 - - |-5.00

Maximum Alpha Capability

The control effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their

700.31 1.200 q
534.16 1.600 5.00 trim values.
Enter the maximum expected alpha and beta dispersions

from trim in {deg) that must be controlled by the effectors,
and click OK.

4.000 . .
Maximum Maximum
2 : :
—— Alpha (deg) 0 Beraigen | 09 | OK

The Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TVC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: Kmix.qgdr, or let the program
calculate it

Select a Mixing Matrix
from Systems File

hen you create a new Mixing Logic you have the option of

ljusting the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select Using All Effectors at
this option for 100% participation from all effectors. 100% Participation

There are times, however, when you want to reduce their
contributions. Plus some effectors are only used for Create a Mixing Matrix
Trimming and not for Control. Their participation should be by Adjusting the

[set to 0% in the effector combination calculations. Effector Contributions

|

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix

KMIX3 - Mixing Logic for Lifting-Body Aircraft Hypersonic Descent from Space at Time: 3201.0

KMIXM10 : Mixing Logic for Time: B49.0 )
| | | |
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P-dot (rad/sec2)

Comparison between Maximum Roll & Yaw Control Accelerations (Green & Blue)
Against Disturbance Accelerations due to Maximum Alpha/ Beta Dispesions (Red)

2
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6P+FCS max

Roll Acceleration

SP—FCS max

+B‘max

6 R +FCS max

-1 -8 -6

Yaw Acceleration R-dot (rad/sec2)

-2

0

The above vector diagram shows the roll and yaw accelerations produced when the roll and yaw FCS
demands are maximized, that is, before saturating at least one of the aerosurfaces. The solid blue
vector is the acceleration produced by max positive yaw FCS demand SR,rcsmax and the dashed blue
vector in the opposite direction is the acceleration from a max negative yaw demand OR rcsmax-
Similarly, the green vectors pointing in opposite directions correspond to the #roll FCS demands

OPxrcsmax- The solid red vector pointing downwards represents the roll and yaw accelerations produced by a
positive dispersion Bmax, and the dashed red vector in the opposite direction is the acceleration
produced by -Bmax. The disturbance due to 3 variations is mostly in roll caused by the dihedral of the
lifting-body airframe. The red rectangles at the tips of the arrows signify the amount of uncertainty in
roll and yaw accelerations. The uncertainties are calculated from file "LiftBody.Unce".
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Comparison Between Yaw & Roll Control Moment Partials {Cn/delta_R and Cl/delta_P}
(Blue and Green Vectors) Against Partials: {Cn_beta and Cl_beta} (Red Vectors)
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The above figure is a moment partials vector diagram showing the variation in roll and yaw moments
per acceleration demands in roll and yaw in (rad/sec?). The blue vector represents the moments per
yaw demand {CI3R, CnoR} and it is pointing in the yaw direction. The green vector is per roll demand
{CI5P , CndP} and it affects both directions. The red vectors pointing downward are the scaled {Cnf3,
CIB} partials. Notice that CIf is negative due to the dihedral and it is bigger in magnitude than Cnp.
The red rectangle centered at the tip of the {Cnf3, CIB} vector is due to the uncertainties in the two
partials obtained from file "LiftBody.Unce".

The partial diagrams in the next page can be interpreted as a 3-dimentional figure. They show the
variations in the pitch moment, normal and axial forces per pitch acceleration demand {Cx0Qgcs,
Cz0Qrcs, CmMOQscs}. It shows that a pitch demand produces positive accelerations in all three
directions: pitch, Z, and X. The red vectors are {Cxq, Czo, Cmy} partials. They are two because they are
calculated at the two extreme values of +f.x. Negative Cma is indicative that the vehicle is stable at
t=800 sec. The red disturbance vector partials aer scaled in order to be comparable with the blue
control partials, as already described, and the control vectors are clearly more dominant in all
directions.
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The figure above shows the partials of accelerations per acceleration demands in roll and yaw. The
upward green vector pointing towards the roll direction is {P/SPFCS , R/SPFCS}, and the blue vector
pointing towards yaw is {P/8Recs , R/SRecs). The axis units are in (rad/sec?)/(rad/sec?). Ideally they
should be unit vectors pointing in the demanded directions (green vector along the +vertical axis and
blue vector along +horizontal), but this is not an absolute requirement because the flight control
system compensates for that. They are, however, close to being orthogonal and this is sufficient for
flight control design.

The next two figures show the pitch moment coefficient Cm plotted against the CZ and the CX force
coefficients. The blue vectors show the maximum pitch moment and forces produced when the pitch
control demand is maximized (just prior to saturation). The solid blue vector is the forces and
moment produced by &.qrcsmax, and the dashed blue vector is due to & _qrcsmax- The red vectors are
the forces and moments generated by the dispersions *amax and +Bmax Which are both +1° in this case,
increasing a causes the z-force to become more negative (up). The red rectangles represent the
uncertainty in the moment and force coefficients. The vehicle is trimmed in pitch because Cm=0
when the control 8Qrcs=0. It is, however, accelerating in both -x and -z directions because Cyx and C;
are negative when 0Qfcs=0. Notice how either a positive or negative pitch control demand has a
negative effect on Cy (drag increase). Notice also that a +pitch control demand reduces the
magnitude of Cz, reducing lift as the elevons rotate upwards to increase the pitching moment.
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Modeling, Control Design, and Stability Analysis

We will now create a dynamic model at a fixed flight condition, Mach 10, at t=849 (sec), in the Nz-
controlled region. We will design control laws, analyze stability in the frequency domain, and
simulate its performance in tracking the normal acceleration and phi commands. The process,
systems and analysis are very similar to the previous Mach 27 case, so we will skip the details. The
vehicle dynamic model is already generated at trajectory time t=849 (sec), which corresponds to
Mach 10, and the input data file is in file "Nz_M10_0.Inp". The Matlab analysis is performed in folder
"C:\Flixan\Trim\Examples\Lifting-Body Aircraft\Reentry from Space\Mat_Anal\Mch_10".

Processing the Input Data

The input data file "Nz_M10_0.Inp" will now be processed by Flixan as before. It creates a vehicle
simulation model "Lifting-Body Aircraft Hypersonic Descent from Space /T= 849 sec (Simul Model)" in
file "vehicle_sim", and the pitch and lateral stability axis design models "Lifting-Body Aircraft
Hypersonic Pitch Design Model" and "Lifting-Body Aircraft Hypersonic Lateral Design Model" in files
"pitch_des.m" and "later_des.m" respectively. It also generates a mixing logic matrix KmixM10a
corresponding to this flight condition. A different matrix, however, will be used in the control analysis
because it improves roll controllability (LCDP). To process this file, start Flixan and select the project
directory containing the input data file. Then go to "Edit", "Manage Input Files" and "Process/ Edit
Input Data". When the following dialog appears, select the input data file "Nz_M10.Inp" form the left
menu and click on "Select Input File".

Process Input Data Files

Pairtt to an Input D ata Filename .
and Click"Select [nput Filg" The fallowing zets of input data are in file: Nz_M10_0np Esit
Nz_M10_0 Inp
Flight Vehicle : Lifting-Body Rircraft Hypersonic Descent from Space /T= 843 sec (Simul Maodel)
Flight Vehicle : Lifting-Body Rircraft Hypersonic Descent from Space /T= 849 sec (Stability Axis)
Mixing Matrix : Mixing Logic Lifting-Body Rircraft Hypersonic Descent from Space /T= 845 sec

System Modificat : Lifting-Body ARircraft Hypersonic Pitch Design Model

System Modificat : Lifting-Body Rircraft Hypersonic Lateral Design Model

To Matlak Formst : Lifting-Body Rircraft Hypersonic Descent from Space /T= 849 sec (5imul Model)
To Matlak Formst : Lifting-Body Aircraft Hypersonic Pitch Design Model

To Matlak Formst : Lifting-Body Aircraft Hypersonic Lateral Design Model

To Matlabk Formst : Mixing Logic Lifting-Body Rircraft Hypersonic Descent from Space /T= 843 sec

Replace Systems File? I-"‘_]

; 1 The systems filename: Mz_M10_0.Qdr
? already exists, Do you want to create it again?

Select Input File | EditFile | [

Execute/ View [nput D ata

Delete Data Set in File

This batch set creates dynamic maodels for contral design and simulations of the lifting-body vehicle during re-entry and at the Mz_control phase. It A
creates a model inthe body axis for simulation purposes, |t creates alzo bwo additional models (pitch and lateral] for control design for using the LOR

Copy to Anather File methad. All ¥ aero-zufaces are used to cantral the vehicle.

Relocate Data Set in File |

Wiews Data-Set Comments
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The menu on the right shows the titles of the data sets which are included in this file. On the left side
of each title there is a short label defining the type of the data-set. It also identifies which program
utility will process the data-set. On the top of the list there is a batch created to process the whole
file. In order to process the batch, highlight the first line titled "Batch for analyzing the Nz-Control
Phase of the Lifting-Body Vehicle at t=849 sec", and click on "Execute/ View Input Data". Flixan will
process the input file and save the systems and matrices in file "Nz_M10.Qdr". It will also create the
matrices and system functions for Matlab analysis.

LQR Control Design

The file "init.m", which is similar to the Mach 27 case, loads the simulation and design systems and
the surface mixing matrix into Matlab and performs the pitch and lateral LQR designs.

Pitch Design

The pitch Nz-control design is very similar to the a-control in the Mach 27 case. The {a & a-integral}
state-feedback, however, is replaced with {Nz & Nz-integral} feedback respectively. This is not hard to
do because for this particular flight condition there is an almost proportional relationship between a
and Nz. The pitch design model "Lifting-Body Aircraft Hypersonic Pitch Design Model" from file
"pitch_des.m" consisting of states: {0, q, and a} is augmented (using Simulink file Pdes4xa.Mdl) to
include also a-integral in the state-vector. The phugoid states (dh and dV) are not included in the
design model. The state-feedback is a (1 x 4) gain matrix "Kq_M10_0.mat". It is generated using the
LQR algorithm in Matlab. The Simulink model "Sim_Pitch_Simple_a.Md[" is used for evaluating the
preliminary LQR design. It includes the state-feedback matrix Kq and the mixing-logic matrix
KmixM10. It calculates the system's response to 1° change command in alpha. The surface deflections
are mainly in the two elevons, but the four body-flaps are also participating by a smaller amount. The
Nz and Nz-integral feedback is implemented in the 6-dof simulation model.

Lateral Design

The lateral design is almost identical to the Mach 27 case. It uses the system "Lifting-Body Aircraft
Hypersonic Lateral Design Model" from file "later_des.m" consisting of states: {ps, r;, and 3}. The rates
are about the velocity vector. It is augmented (using Simulink file Ldes5x.Mdl) to include also ps-
integral and B-integral in the state-vector. The stability axis model is preferred over the body axis
model in the lateral LQR design because the vehicle is commanded to roll about the velocity vector.
This minimizes the beta transients and the lateral loads during turns. The lateral dynamic model used
in the LQR design also includes the turn-coordination terms. It assumes that turn-coordination is
included in the vehicle model. The state-feedback matrix generated by the LQR algorithm using
Matlab is a (2 x 5) gain matrix "Kpr_M10_0.mat". The Simulink model "Sim_Later_Simple.MdI" is used
for evaluating the lateral LQR design. It includes the state-feedback matrix Kpr and the mixing-logic
matrix KmixM10.
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Linear Simulation Model

The Matlab simulation model for the Mach 10 case is in file "Simul_6dof.mdl", shown in Figure 1.2.2.
It is similar to the a-control case but instead of a-feedback it uses Nz-feedback instead. It is used for
evaluating the coupled system's response to roll and Nz commands and to wind disturbances. The
output rates in this model are body rates since the rate-gyro measurements are in body axes. The
controller, however, was design based on the stability axis model and it expects to see roll and yaw
rates about the velocity vector V,. A body to stability axis transformation block is, therefore, included
in the simulation to convert the (p & r) body rates to stability rates (pstab & rstab) Which are required in
the lateral LQR state-vector feedback. The linearized turn-coordination terms are also included in this
block.

6-dof Linear Simulation Model

Body to Stability

Lifting-Body Aircraft Axiz Tranform Latersl
Flight Control
phi ——— | phi
pst——|p=
tability rat =
E "Ity rates
pr—————#|p b
rs
body rates _—
[f———r b -
dR
’—5 beta
—»|[PQR dem b=t
thet = |thets
L -
q (g 4Q e
e
Mz | Mz

Fitch Flight Control

Aero-Surface Feedback Loop
(roll, pitch, yaw) accel demands

Figure 1.2.2a Simulation Model in File "'Simul_6dof.MdI""*
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Figure 1.2.2b shows the vehicle dynamics (green) block expanded. It uses the body-axis vehicle model
"Lifting-Body Aircraft Hypersonic Descent from Space /T= 849 sec (Simul Model)" that was generated
by Flixan and it is loaded into Matlab from file "vehicle_sim.m". The inputs to this block are: roll,
pitch, and yaw acceleration demands from flight control which are converted into surface deflections
by the surface mixing logic KmixM10. Low-pass filters are also used to model the actuator dynamics.
The gust input is a low-pass shaped gust impulse of 30 (ft/sec) velocity. The direction of gust is
defined relative to the vehicle in the input data file "Nz_M10.Inp", and it excites both pitch and yaw,
perpendicular to the X-body and at 45° between +Y and +Z axes (typical).

Vehicle Simulation Model

delta r2d
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T Surface Deflections
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PQR dem

Effector Mixing
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—
Clock Time
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Gust Smoother

Inputs = 2

1 Left Elevon Deflection (radians)

2 Right Elevon Deflection (radians)

3 Rudder Deflection (radians)

4 Upper Left Body-Flap Deflection (radians)
5 Upper Right Body-Flap Deflection (radians)
& Lower Left Body-Flap Deflection (radians)
7 Lower Right Body-Flap Deflection (radians)
& Wind Gust Azim, Elev Angles={45, 90) (deg)
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—
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Mz 2 FRoll Rate (p-body) (rad/sec)
3 Pitch Attitude (thet-bdy) (radians)
4 Pitch Rate  (g-body) (rad/sec)
5 Yaw Attitude (psi-body) (radians)
& Yaw Rate ([r-body) (rad/sec)
7 Angle of attack, alfa, (radians)
& Angle of sideslip, beta, (radian)
% Change in Altitude, delta-h, [feet)

Forward Acceleration (V-dot) (ft/sec)
Cross Range Velocity (Ver) (ft/sec)

CG Acceleration along X axis, (ft/sec”2)
CG Acceleration along Y axis, (ft/sec*2)
CG Acceleration along Z axis, (ft/sec2)

Figure 1.2.2b Vehicle Dynamics Block including the aero-surface Mixing Logic, Gust disturbance and Actuators

The pitch and lateral control laws are state-feedback gains as already described. The pitch controller
consists of a (1x4), (6, q, a, a-integral) state-feedback gain Kq. The vehicle is commanded to a certain
Nz-command and the Nz-error is approximated to an a-error by a gain relationship "Nz2a". By using
this simple modification the pitch control system now regulates the normal acceleration which is
approximately -34 (ft/sec?). An Nz-filter was also included. The lateral controller is a (2x5), (ps, rs, B,
ps-integr, B-integr) state-feedback gain Kpr. It is used to perform roll maneuvers by rolling the vehicle

about the velocity vector (Vo).
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Figure 1.2.2c Pitch and Lateral State-Feedback Control Laws derived by the LQR method
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Simulation Results

We will now use the linear simulation model for the Mach 10 case and command it to perform Nz and
roll maneuvers together. The commands are: Nz_nq=-40 (ft/secz), and ¢_mq¢=10°. Both variables
respond as expected to the step commands. The vehicle rolls 10° about the velocity vector creating a

very small sideslip transient in f3.

Lifting-Body Aircraft at Mach 10, Phicmd=1D {deg), Nzcmd= -40 (ft;"sz]
10 T T T T T T

Bank {phi), {deg)

Alpha, Beta (deg)

ADD T T T T T T T

300 -

200 .

100 | -

Veloc X-Range (ft/s)

-100 | | | | | | |
1] g 10 15 20 25 30 35 40

Time sec

Figure 1.2.3 Vehicle response to simultaneously applied phi and Nz commands at Mach 10
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Stability Analysis

Figure 1.2.4 shows the Simulink model "Stab_Anal.mdl" used for analyzing the stability margins for
the Mach 10 case. This model is similar to the simulation "Simul_6dof.MdI" but it is configured for
open-loop analysis. One loop is opened and the other two loops are closed (in the case shown below
the roll loop is opened). The Matlab file "Frequ.m" uses this model to calculate the frequency
response across the opened loop. The next two figures show the Nichols plots in the pitch and roll
directions and the red lines are highlighting the phase and gain margins for the Mach 10 case.

Stability Analysis Model

Body to Stability

Lifting-Body Aircraft Axis Tranform

Lateral
Flight Cantral

phi——J»|phi
pst———— Jps ot

R 40 stability rates
W

I
body rates .-

r———r b

dR
’—b btz
—|PQR dem bt
thet - |theta
q P o
Mz |z

Roll LDDP UPEI'I Pitch Flight Control

All Other Loops Closed

Figure 1.2.4 Stability analysis model "Stab_Anal.mdI" used for frequency response analysis
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1.3 Flight-Path Angle Control Mode

From the Nz-control mode the flight control system gradually transitions, in order to avoid transients,
to the flight-path y control mode. Direct y-control is commanded by the closed-loop guidance system
which calculates the required flight-path angle for controlling the vehicle descent rate, as a function
of range, altitude, and speed. Guidance, however, is beyond the scope of this example. We will design
a flight control system that receives open-loop guidance commands from a table. The files for the
gamma-control section of the trajectory are located in: "C:\Flixan\Trim\Examples\Lifting-Body
Aircraft\Reentry from Space\Trim_Anal\Gamma_Control". The trajectory is in file "Gamma-Cntl.Traj".
The surface mixing matrix "KmixM2" has already been calculated and saved in file "Kmix.Qdr". The
remaining files are the same as in the a-control section. The following figures show some of the
trajectory parameters in the y-control region, between Mach (5 to 0.9). The flight-path angle drops
significantly towards the end of this phase, at t=1700, in order to gain sufficient speed after the
vehicle performs a 30° roll maneuver to align its direction with the runway. Then in the next section it
performs the pitch-up flare and lands. The dynamic pressure increases significantly in this final period
as it approaches for landing, below Mach 1 at 20,000 (feet) altitude.
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Aerosurface Trimming

We will now trim the aero-surfaces along the gamma-control section of the trajectory to balance the
vehicle moments. We will also include trimming in the x direction this time since we approach
towards the approach and landing phase, and drag is beginning to become a control factor, although
drag-modulation control will be introduced only in the approach and landing section.

Start Flixan and select the applicable files in folder: "C:\Flixan\ Trim\ Examples\ Lifting-Body Aircraft\
Reentry from Space\Trim_Anal\Gamma_Control". From the Trim main menu choose option-3 for
trimming, do not select a trim initialization file, and select to trim the three moments, roll, pitch, and
yaw, plus the x-acceleration. The program will calculate a combination of surface deflections that
balance the 3 moments and x-acceleration based on the individual surface capabilities. The trim
deflections are saved in file "Gamma_Control. Trim".

-

Select One Data File from Each Menu Category

The following analysis requires some data files 0 be selecied from
the current project direciory. Select one data file for each

[ Selecta Project Dim )| | | category. (some ofthe categories are opsonal)

Mass Properties Surface Hinge Moments
dy Aircraft\Reentry from Space’Trim_AnaliGamma_Control |Lift_Eh:rdv.Mass ;I ILiftEh:l-dy.HMcD LI
L Old i Trajectory Data Aero Damping Derivat
4 |, Reentry from Space IGamma_Cntl.Traj ;I ILiftEDdy.Damp ;I
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Select A Filename from Menu

Wou can Initialize the Trim Angles
Using Previous Trim Runs. Selecta
[*Trim) File to Initialize, or "No
Belect” for Zero Initialization.

Giarnma_Crtl Trim Select 4 How Many Directions to be Balanced ?- e
Garnma_CntN. Trim File

Gamma_Chtl T rim How many vehicle accelerations are to be balanced by
Giammna Lt T rim using the control effectors (three rotations is often Select

sufficient)
Do Mot
Select

Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Flight-Path Control

Three Rotational Moments Only (No Translational Accelerations)
Three Moments, Plus (1) Translation Acceleration along Z, (Az)
Three Moments, Plus (1) Translation Acceleration along X, (#x)

Three Moments, Plus (2] Translation Acceleration along X and Z, (Ax & Az)
Three Moments, Plus (3] Translation Accelerat along X, Y and Z, [Ax, Ay, Az)

-10
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-25
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Time (sec)

5-69

Left Elevon

Right Elevon

“Vert Rudder



Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Flight-Path Control
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Note, the trim analysis is an iterative process. The aero-surface trim angles are not entirely
determined by the trim algorithm without any inputs from the designer, but their positions are often
biased or constrained prior to trimming by adjusting the initial surface positions and the deflection
limits in the aerosurface coefficients file "LiftBody Surf.Delt". This facilitates the trimming process in
order to accommodate other design constraints and performance factors. It also helps to generate
dynamic models with the proper trim angles for control design.
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Performance Parameters along the Trajectory

The static performance analysis requires a mixing logic matrix and a different matrix KmixM2 was
designed by the mixing-logic program for this phase based on vehicle data from a fixed flight
condition. You must remember, therefore, to select the systems file "Kmix.Qdr" which includes the
control surface mixing matrix KmixM2 before beginning the analysis. The mixing logic matrix defines
how the aero-surfaces combine together to allocate control in roll, pitch, yaw, and Ax-control, and
the control effectiveness parameters strongly depend upon this matrix. Notice, the fourth column for
Ax-control in KmixM2 has been zeroed and it is just a place holder for the next phase where we will
control altitude and velocity independently. From the Trim main menu, the static performance
analysis option-6 is selected. The program requests a (7x4) mixing matrix because we trimmed along
4 directions, including Ax. But although we included Ax in trimming, however, we are not interested
in controlling it yet, and we will ignore its performance. Therefore, the fourth column in the (7x4)
matrix KmixM2 in file "Kmix.Qdr", corresponding to Ax-control was set to zero. We must also define
the maximum wind disturbance in terms of (0tmax and PBmax) angles which are both set to 1°.

Select one of the following options Exit | OK g =
e ™. i

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix) AL TX 4) Mixing Legic Matrix is required
. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

- o ET T ER

———

he Mixing Logic Matrix translates the Flight Control (Roll, o .
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands S.Elflrﬁash:::};r:i I':Ii?;rlx ~ — ~
(Aero-Surface, TVC, and Throttling). ¥ Maximum Alpha Capm

‘ou may either select a pre-calculated Mixing Logic Matrix

(Kmix) from the Systems File: NewFile.gdr, or let the

- The control effectors must be capable of varying the vehicle
program calculate it

angles of attack and sideslip (typically 3-5 deg) from their

trim values.
Enter the maximum expected alpha and beta dispersions
hen you create a new Mixing Logic you have the option of from trim in (deg) that must be controlled by the effectors,
djusting the participation of each effector in the Create a Mixing Matrix and click OK.
mbination matrix. Maximum contribution is 100%. Select Using All Effectors at Maximum Maximum
i i icipati . 100% Participation 1.0000 I 1.0000 -
his option for 100% participation from all effectors o Alpha [deg) i Beta (deg) Ok

here are times, however, when you want to reduce their

ntributions. Plus some effectors are only used for Create a Mixing Matrix
rimming and not for Control. Their participation should be By Adjusting the Effector
et tn 0% in the effector comhbination caleulations. Contributions

r -

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix I

KM XM 28 - Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 1550.0

KM IXM2 - Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 15502
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Static Margin, Center of Pressure, Aero-Center (ft), Lifting-Body Aircraft Fligh
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Rotation Control Authority |dQ/dQmax|<1 for 1 (deg) of Alpha & Beta Variation
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Bank Angle, LCDP Ratio, Cn_beta_dynam /deg, Lifting-Body Aircraft Flight-Path Co
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The performance results indicate that the longitudinal axis in this phase is statically stable due to the
reduction in the angle of attack. The short-period resonance varies between: 1.2 to 3.2 (rad/sec) and
the static margin peaks to 6%. In the lateral direction it is always statically stable with the Dutch-roll
resonances peaking to 4.6 (rad/sec) during the roll maneuver. The (Qa, Q) loading is reasonably low
but it spikes to 2600 (psf-deg) during the roll maneuver. Remember, that this parameter assumes 1°
dispersions in omax and Pmax due to wind-shear. The control efforts against the wind dispersions are
sufficiently small in pitch and yaw. They are symmetrical relative to zero which implies that the
vehicle is perfectly trimmed with equal authority in positive and negative directions. In roll, however,
the control authority was slightly compromised because the control effort parameter is 0.65. We
normally like to see the control effort below 0.5, but it was traded-off, for improving the LCDP which
would have been too low otherwise. The mixing logic KmixM2 is a modified version of the matrix
obtained by the Flixan algorithm. The rudder contribution towards roll was slightly increased against
reducing the aileron contribution in order to increase the LCDP which now is sufficiently positive
without any sign (roll) reversals. The Cnp-dynamic is positive which means that the vehicle is
directionally stable. The bank angle parameter (¢) is the bank angle due to a Bma= 1°. It is useful near
landing.
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Controllability Analysis by Using Vector Diagrams

Vector diagrams help us determine the vehicle maneuverability, control authority, and orthogonality
of the effectors system at a fixed flight condition against wind-shear disturbances in the steady-state.
From the Trim menu select option-11, and then an arbitrary flight condition at t=1600 sec, near the
middle of the y-controlled section of the trajectory, corresponding to Mach 1.6.

| e e e |

Select one of the following options Exit oK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times
Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

NG

Select a Time from: [ 12000 to 17737 | toAnalvze Yehicle
Contrallability

1600.0

ok

The following dialog consists of menus used for selecting the vehicle mass, Mach number, alpha, and
beta. The default values correspond to the selected flight time. You may keep those parameters or
change them to something different. In this case we select the default values and click "Select".
Notice that Mach 1.6 and a=8° are the nearest Mach number and angle of attack at the selected
time. The disturbances are caused by wind-shear defined by the maximum alpha and beta produced.
In the following dialog enter the maximum disturbance angles (amax and Pmax)=1°, and then select the
(7x4) control surface combination matrix "KmixM2" from file Kmix.Qdr, as shown.
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o T

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below
and click "Select"

Select

Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)

1.600 L 0.00

1.100 -5.00

1.200 !

5.00

2.000
2.500
3.000
3.500
4.000
5.000

Ao

The control effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their
trim values.

Enter the maximum expected alpha and beta dispersions
from trim in {deg) that must be controlled by the effectors,
and click OK.

Maximum Maximum
Alpha (deg) 1.0000 Beta (des) I 1.0000 ak

Define the EW

The Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
(Aero-Surface, TVC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: Kmix.qgdr, or let the program
calculate it

Select a Mixing Matrix
from Systems File

hen you create a new Mixing Logic you have the option of

ljusting the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select Using 4ll Effectors at
this option for 100% participation from all effectors. 100% Participation

There are times, however, when you want to reduce their
contributions. Plus some effectors are only used for Create a Mixing Matrix
Trimming and not for Control. Their participation should be by Adjusting the

[set to 0% in the effector combination calculations. Effector Contributions

Select one of the following Matrices from the Systems File  View Matrix | Cancel | | Select Matrix I

- Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 1550.0
KMIXM2 - Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 15502 I
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030 | Roll and Yaw Moments r— -
025 due to Max Positive Roll . ot em—
Acceleration Demand & O remwe i 5
L8P | el
. FCSMax ___B Sora iy 0 ®
| max Engine Vi Trim Angles {deg)
010
B 05 —=OR Fegnag ' R——
O 0 R S Lo h : B
o~ .00s Yaw Moment due to : Yaw Moment due to
T Peak Negative Yaw Max Positive Yaw
£ -010 Accelerat Demand Acceler%t Demand
§ 015 Max Moments due+Bmaa"“ “-. s RFCSMM
“E-’-"' 020 to beta variations | .
= with Uncertainties 4 Roll and Yaw Moments
2 -025 _SP.. - due to Peak Negative Roll

FCSMax Acceleration Demand

030 -025 -020 -015 -010 -005 O 005 .010 015 020 025 030
Yaw Moment Cn

The above vector diagram shows the non-dimensional roll and yaw moments, (C, & C,), produced
when the roll and yaw FCS demands are maximized to the saturation limits of the aerosurfaces. The
solid blue vector represents the yaw moment produced when the yaw FCS demand is at its maximum
positive position R rcsmax, and the dashed blue vector in the opposite direction indicates the negative
moment produced when the yaw demand is at its peak negative position dR_rcsmax. It shows that the
yaw control produces only yaw, and not any rolling moment. Similarly, the two green vectors in the
opposite up and down directions are the maximum moments produced when the roll FCS demand is
maximized in the positive (solid green), and in the negative (dashed) directions 0P+rcsmax. The two
smaller red vectors symbolize the roll and yaw moments generated by the angle of sideslip +Bmax
variations and it is mainly in roll. A positive Bna.x generates a negative rolling moment because this
lifting-body airframe has significant amount of dihedral. The rectangles at the tips of the arrows
represent the moment uncertainties in the disturbance and control vectors. They are calculated from
the uncertainties in the basic aerodynamic coefficients and in the aero-surface increment coefficients
which are located file "LiftBody.Unce".
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Comparison Between Yaw & Roll Control Moment Partials {Cn/delta_R and Cl/delta_P}
(Blue and Green Vectors) Against Partials: {Cn_beta and CI_beta} (Red Vectors)

7 R P N R — P— T —
c|6PFCS Trim Conditions X
ChOPecs n oo hui—
4 Alpha and Beta Trim (deg) ---: 8.22 0.00
01 5 I};namic Pr::sure (ps(f] vgjv 176.
Vehicle Mass (slug_s) -------- 1 528,

o RO” and Yaw Max Alpha/Beta Disturb (deg): 1.00 1.00
m Aero-Surface Trim Angles (deg)
- Moment -149 -144 0356E-01-3.98 -410 677 677
— . Engine Pitch Trim Angles (deg)

010 |Partials per__
.‘c_,u Roll Accelerat Engine Yaw Trim Angles (deg) C|8R FCS
8 % Demand
_18
O & 005 =i| C.OR e
3 £
-— Y T—
o E
T ©
Q.l E 0
= 8
)
©
—
O -005

/ Roll and Yaw
\‘\ al - Moment Partials
-.010 - E:'ﬁ Cnﬁ per Yaw Accelerat
Scalefl Disturbance B Demand
Partigl with Uncertainty

-010 0 010 020 030 040 050 .060 070
Yaw Moment Partials Cn/delta_Rdot & Cn_beta /deg

This figure is a moment partials vector diagram showing the variation in roll and yaw moments per
acceleration demands in roll and yaw which is in (rad/sec?). The blue vector is the moments per yaw
control demand {CndoR, CISR} which is mainly in the yaw direction, and the green vector is the
moments per roll control demand {CndP, CI3P} which is mostly in roll. The red vectors pointing
downward are the scaled {Cnf3, CIB} partials. They are scaled to be made comparable to the control
vectors. Notice that CIf is negative and large due to the dihedral in the airframe, and it is bigger in
magnitude than Cnf. The red rectangle centered at the tip of the {Cnf3, CIB} vector represents the
uncertainties in these partials. Similarly the yellow rectangle at the tip of the yaw control partial
represents the uncertainties in {CndR, CIOR}, and the cyan rectangle at the tip of the roll control
partial is the uncertainties in {CndP, CIOP}. The uncertainties are obtained from file "LiftBody.Unce".
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The next two pages analyze controllability in the longitudinal directions by maximum controls and by
partial vector diagrams. However, in the longitudinal axes and in this control mode there is only one
control which is pitch acceleration demand 6Qgrcs. The pitch control, in addition to pitching moment it
generates also force variations in the x and z directions, so even though we have only one pitch
control we must still examine its effect in all three directions. Figure 3.1 may be interpreted as a 3-
dimensional vector diagram with axes (Cx, Cz, and C,,), showing the pitching moment Cm plotted
against the CZ and the CX forces in non-dimensional form. The blue vectors show the maximum
pitching moment and forces produced when the pitch acceleration demand is maximized to
saturation levels in both positive and negative directions. The solid blue vector represents the
moment and forces due to max positive pitch acceleration demand 8Q ,rcsmax, and the dashed blue
vector is the moment and forces due to max negative pitch acceleration demand 0Q_rcsmax. Unlike the
lateral directions, there is no symmetry in the longitudinal axes because the peak positive control
demand 8Q,rcsmax Produces a larger moment and z-force variation than the peak negative control
demand 0Q_rcsmax. The aerosurfaces can provide bigger moment and z-force in the positive pitch
direction than in the negative. The x-force variation from trim is also asymmetric between positive
and negative pitch demands. Notice how either a positive or negative pitch control demand has a
negative effect on CX (drag increase). The pitch moment is balanced in pitch because C,0=0 when the
control 8Qrcs=0. However, the vehicle is accelerating in both -x and -z directions because Cyxg and Cz
are both negative when 6Qgcs=0. Notice also that a +pitch control demand reduces the magnitude of
CZ, reducing lift as the Elevons rotate upwards to increase the pitching moment. The two red vectors
pointing up and down represent the forces and moments generated by the variations tam.x and £Bmax
from trim (o and Bo), which in this case they are both +1°. If you Increase a makes the z-force more
negative (up). The red rectangles represent the uncertainty in the moment and force coefficients.

Figure (3.2) shows the partials in the longitudinal directions which are: pitch moment and forces per
pitch control and pitch moment per alpha. The two figures can also be interpreted as a 3-dimensional
vector diagram. The blue vectors represent the pitching moment, normal and axial force partials per
pitch acceleration demand {CmodQgcs, Cz0Qfcs, CxOQrcs). It shows that a small increase in pitch
demand produces a positive effect in pitching moment and in z force. The variations in the x and z
forces are mainly due to the Elevon up deflections. The red vectors are the scaled {Cno, Czo, Cxa}
partials. They are scaled to be made comparable to the control vectors, as already described, and two
because they are calculated at the two extreme values of £B.x. The control vectors are clearly more
dominant than the disturbance partials. Negative C,, is indicative that the vehicle is statically stable
at t=1600 sec.
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Comparison between Maximum Pitch Control Moment and Normal-Z Force (Blue & Green)

Against Disturbance due to Maximum Alpha Variation (red), Non-Dimensional .
g P (red) Normal Force and Pitch
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Figure 3.1 Maximum Moments and Forces Diagram in the Longitudinal Directions
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Comparison Between Control Moment and Normal Force Partials {Cm/delt_Q & CZ/delt Z}

(Blue & Green) Against Moment/ Force Partials {Cm/alpha & CZ/alpha} (Red Vectors)

Comparison Between Control Moment & Force Partials: {Cm/delta_Q & CX/delta_X}
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Figure 3.2 Moments and Forces Partials in the Longitudinal Directions
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The next figure shows the partials of accelerations per acceleration demands in roll and yaw. The
green vector is the accelerations per roll demand {P/8Pkcs, R/SPkcs), and the blue vector is the
accelerations per yaw demand {P/8Recs, R/8Recs). The axis units are in (rad/sec?) per (rad/sec?).
Ideally they should be unit vectors, decoupled, and pointing in the demanded directions (green vector
along the +vertical axis and blue vector along +horizontal), but this is not an absolute requirement, as
we have already explained. In this case, however, they are pretty close to being a decoupled system.
It is an indication that the effector mixing matrix is properly designed.

Partials of Roll and Yaw Accelerations per Roll and Yaw Control Accelerat Demands
(Rdot, Pdot)/Pdot_Dem (green), (Rdot, Pdot)/Rdot_Dem (blue), (rad/sec2)/(rad/sec2)
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Figure 3.3 shows the effects of yaw control in yaw moment and in side-force. The blue vectors in the
top diagram show the yaw moment and side-force produced when the yaw control demand saturates
at ORsrcsmax- The red vectors show the effect due to .« dispersions. The bottom figure is a partials
diagram showing the side-force and yaw moment partials per yaw demand {CydR¢cs, CnORfcs}. The red
vectors are the scaled {Cyg, Cng} partials. An increase in 3 indicates a positive yaw moment and a
negative side-force which implies that the vehicle is statically stable in yaw. The rectangles centered
at the vector tips represent the uncertainties in the aero coefficients.
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Comparison Between Maximum Yaw Control Moment Cn and Side-Force CY (Green & Blue)
Versus Disturbance due to Maximum Beta Variation (red), Non-Dimensional
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Figure 3.3 Effects of Yaw Control in Yaw and Side-force directions
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Dynamic Modeling, Control Design, and Stability Analysis

We will now create a dynamic model at a fixed flight condition, at time t=1556 sec, that corresponds
to Mach 2 in the gamma-controlled region, design control laws and a control surface mixing logic
KmixM2, analyze stability in the frequency domain, and simulate its performance when tracking
gamma and phi commands. The process, systems

and analysis are very similar to the previous cases e e i

so we will skip the details. To create a dynamic . _ _ n
1 [ ) You have Selected Trajectory Times= 1555.8 sec 1

mOdEI, pIOt the trajectory’ and from one of the W' to Create Input Data for State-Space Modeling

trajectory plots, go the top menu bar and choose _

"Graphic Options". Then from the vertical pop-up j o | conce |

menu click on "Select Time to Create State-Space A ; ; ; ; '
System". Then using the mouse click at time //
t=1556 sec, along the x axis of the plot to select - * . : ;
the flight condition. The program confirms the
flight time and prepares the dynamic model.

1450 1500 1550 1600 1650

Time (sec)
Flight Vehicle Parameters
Yehicle Syztem Title ) . )
Lifting-B ody Aircraft Flight-Path Control/ T= 1555 8 sec Edit g File | Ent |
Mumber of ¥ehicle Effectors Mumber of Sensors Modeling Options [Flags) Update Data | Run |

i i i WITH TwD Output R ates in Turn Coordination
Gimbaling Engines or Jets. IT m Bias IT P

Include Tailwags-Dog? M Include Tum Cocrdin Save in File
Fotating Control Surfaces. 7 [WITH TWD Acceleromet IT Stability Axes without Turn Coordin

Include T aill*ags-Dog?

- . . . MNumber of Modes
Reaction Aero-Elasticity Options Attitude Sngles
wiheels? u Momentum Control Devices Aero Vanes 0 Inchde GAFD H Structure Bending ]
i nclude . H-param rﬂm_
gl'ngtl.el gTC"L;_?B Z%'EHET Yes . : Flex Coupl. data onl Intearals of Rates
imbal i tabilized Double E sherhal Meither Gafd nor Hpa LYLH Attitude Fuel Sloshing: 0
CMGs? Gimbal CMG Spstem? Torques | ° ?

Reaction 'wWheelz ] Single Gimbal Ch Gz ] Double Gimbal CMG System l Slewing Appendagez ] Gyros ] ﬁccelerometer] fiero Sensors] Fuel Slosh] Flex Modes] Uzer Motes ]
Masgs Properties Trajectory Data l Gust! Aero Paramet. ] tAero Force Coeffs ] Aero bMoment Coeffs ] Contral Surfaces ] Gimbal Engines/ RCS ] External Torques ]

Trajectory Data

Inertial Welocity! Accelerat Body Senzed dccelerat.

e Dynamic Preszure, 0 bar, [psf] 165.4100

Welocil I3 -5.151000

[fs’sogéirl 2026500 Wehicle Altitude [H] in [feet) 21744.40
Ay 0.000000

Mach Mumber 2.007000
Accelerat |9 377079 Az -31 65900
ftfzec™2 ]

[ftfzec™2

i

Euler Angles in [deg), Ahgular Rates (deglsec)

Angles of Attack, Sideslip in [deg). Rates PH T 2000000E 02 Po 000000

Alpha 8.731000 Alpha Dot |-0.1524603E-01 Theta 2 353000 Qo [-0.5900000E-01
Beta 0.000000 Beta Dot 0.000000 Psi 0.000000 Ro 0.000000

i

The vehicle input data, however, at trajectory time t=1556 (sec) which corresponds to Mach 2 is
already created in file "Gamma_MO02_0.Inp". The Matlab analysis for this flight condition is

performed in folder "C:\Flixan\Trim\Examples\Lifting-Body Aircraft\Reentry from Space\Mat_Anal\
Mch_2".
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Processing the Input Data

The input data file "Gamma_MO02 _0.Inp" will now be processed by Flixan to create a vehicle
simulation model "Lifting-Body Aircraft Hypersonic Descent from Space /T= 1556 sec (Simul Model)" in
file "vehicle_sim", and the pitch and lateral stability axis design models "Lifting-Body Aircraft
Hypersonic Pitch Design Model" and "Lifting-Body Aircraft Hypersonic Lateral Design Model" in files
"pitch_des.m" and "later_des.m" respectively. It also generates a mixing logic matrix KmixM2a
corresponding to this flight condition. A different matrix, however, was used in static analysis and it
will also be used in the control analysis because it improves roll controllability (LCDP). To process this
file, start Flixan and select the project directory containing the input data file. Then go to "Edit",
"Manage Input Files" and "Process/ Edit Input Data". When the following dialog appears, select the
input data file "Gamma_MO02_0.Inp" from the left menu and click on "Select Input File".

-

Process Input Data Files

Paint ta an Input D ata Filenare ;
and Click"Select Input Fil=" The following zets of input data are in file; Gamma_t02_0.inp Eit
Gamma_MD2_Dinp
Gamma MOZ Dk Flight Vehicle : Lifting-Body RAircraft Hypersonic Descent from Space /T= 15568 sec (Simul Model)
Flight Vehicle : Lifting-Body Aircraft Hypersonic Descent from Space /T= 155¢ sec (Stability Axis)
Mixing Matrix : Mizing Logic Lifting-Body Aircraft Hypersonic Descent from Space /T= 1556 sec

System Modifiecat : Lifting-Body Rircraft Hypersonic Pitch Design Model

Syatem Modificat : Lifting-Body Aircraft Hypersonic Lateral Design Model

To Matlab Format : Lifting-Body Rircraft Hypersonic Descent from Space /T= 1556 sec (Simul Model)
To Matlzb Format : Lifting-Body Rircraft Hypersonic Pitch Design Model

To Matlzb Format : Lifting-Body Rircraft Hypersonic Lateral Design Model

To Matlab Format : Mixing Logic Lifting-Body Aircraft Hypersonic Descent from Space fT= 1558 sec

Select Input File | Edit Fil ‘

Ewxecute View Input D ata

Delete Data Setin File

This batch set creates dynamic models for contral design and simulations of the lifing-body vehicle during the: flight-path contral phaze where Qbar is -
high. It creates a madel in the bady axis for simulation purposes. |t oreates alsa bwo additional models [pitch and lateral] far contral design far using the

LOR method, &l 7 aero-sufaces are uged to control the wehicle.

Relocate Data Set in File ‘
Copy to dnather File ‘

‘ Yiew Data-Set Comments |

R ——

The menu on the right lists the titles of the data sets which are included in this file. On the left side of
each title there is a short label defining the type of the data-set. It also identifies which program
utility will process the data-set. On the top of the list there is a batch created to process the whole
file. In order to process the batch, highlight the first line titled "Batch for analyzing the Gamma-
Control Phase of the Lifting-Body Vehicle at t=1556 sec", and click on "Execute/ View Input Data".
Flixan will process the input file and save the systems and matrices in file "Gamma_M2.Qdr". It will
also create the matrices and system functions for Matlab analysis.
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LQR Control Design

The Matlab file "init.m", which is similar to the previous cases, loads the simulation and design
systems and the surface mixing matrix into Matlab and performs the pitch and lateral LQR designs.

% File Init.m for Initialization and Perform Control Design
dZr=pi/180; rZd=180/pi:

[Ap=s, EBps, Cps, Dps] = pitch des; % Load Pitch asro-surf Design Model
[Lls, Els, Cls, Dls] = later_ des; % Load Lateral asro-surf Design Model
[Ave, Bve, Cwe, Dwve] = wvehicle sim; % Simulation Model E-dof

load EmixMZ .mat -ascii; Emix=EmixMZ; % Load Surfaces Mix Logic (7 = 3)

alfal=8.791; VO0=2Z02&.5; Thet0=2.3&3; ge=32.174;
calfa=cos(alfal*dir):; salfa=sin(alfal*dir):

Addicional Vehicle Parameters
for Body to Stability Transform

EL

% Convert Lateral State Vector from Body to Stability Axes, Outputs=3tates
[Al4,E14,C14,D14]= linmod('Ld=s5x'):; S—state model {p,r,bet,pint,betinc}
Al15= Cl4*Al4*inv(Cl4); E1lS5= Cl4*El4: Stability axis System

Cl5= Cl4*inv(C1l4): D15= D14:;

%
%

% Lateral LOR Design Using Only the RCS Jets

P=[1,2]*0.5; R=diag(R): % LOR Weights B=[1,1] *2

0=[10 2 0.5 10 0.01]*1;: Q=diag(Q): % LOQP Weights 0=[1 0.4 0.5 0.2 0.005] *3
[Epr,s,2]=1lqr (A15,B15,Q,E) % Pe

save Kpr MOZ O.mat Epr -ascii

rform LOE design on Jets

% Pitch LQR Design Using the 7 Asro-Surfaces, States: {gamm int,ganma,d,alfal
[Ap4,Bp4,Cp4,Dp4]= linmod|('Pdesd4x'):
ApS5= Cp4*Ap4*inv(Cp4); Bp5= Cp4*Bp4:
Cp5= Cp4*inv|(Cp4); Dp5= Dp4:
F=4; Q=[2 5 2 Z]: Q=diag(d):
[Edq,s,=]=lqgr (ApS,Bp5,0,R)

save Kg MOZ O.mat Fq -ascii

s

% 4-state des model {gami,gama,dq,alfa}
% Convert to Output=3tate={gami,gama,d,alfa}l

%
%

LOFR Weights {gami,gama,dq,alfal
Perform LOF design on Surf

Pitch Design

The gamma-control design is different from the previous control modes because it is based on a
different state-vector and the flight-path angle is directly commanded from guidance. The pitch
design model "Lifting-Body Aircraft Hypersonic Pitch Design Model" from file "pitch_des.m" consisting
of states: {0, q, and a} is modified (using Simulink file Pdes4x.Mdl). A y-state and its integral are
constructed by combining (6 and a). The state-vector in the pitch design model becomes {y-
integral, v, g, and a}. The y-integral feedback helps the flight-path angle error converge to zero. a-
integral feedback is not required in this case because we are not tracking o.. We also take advantage
in this case of the almost linear relationship between a and Nz in the implementation of the control
system and replace the a-feedback with Nz-feedback because Nz is directly measurable from the
accelerometer but not o. The phugoid states (dh and dV) are not included in the design model
because they are not directly controlled. The state-feedback is a (1 x 4) gain matrix "Kq_M2_0.mat"
that is generated by the LQR algorithm.
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Figure 3.4 Simulink Model *'Sim_Pitch_Simple.MdI"" for evaluating the Gamma_Control LQR design

The Simulink model "Sim_Pitch_Simple.MdI" in Figure 3.4, is used for evaluating this preliminary LQR
design. It includes the state-feedback matrix Kq and the mixing-logic matrix KmixM?2. It calculates the
system's response to 1° change in alpha. The surface deflections are mainly in the two elevons, but
the four body-flaps are also participating by a smaller amount. The Nz feedback is implemented in the

6-dof simulation model.
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Figure 3.5 Simulink Model *'Sim_Later_Simple.MdI"" for evaluating the Phi_Control Lateral LQR design

Lateral Design

The lateral design is almost identical to the previous cases. It uses the system "Lifting-Body Aircraft
Hypersonic Lateral Design Model" from file "later_des.m" consisting of states: {ps, rs, and B}. The rates
are about the velocity vector. The state-vector is augmented (using Simulink file Ldes5x.Mdl) to
include also ps-integral and B-integral. The stability axis model is preferred over the body axis model
in the lateral LQR design because the vehicle is commanded to roll about the velocity vector, in order
to minimize the beta transients and lateral loads during turns. The lateral dynamic model used in the
LQR design also includes the turn-coordination terms. It assumes that turn-coordination is included in
the vehicle model. The state-feedback matrix generated by the LQR algorithm using Matlab is a (2 x 5)
gain matrix "Kpr_M2_0.mat". The Simulink model "Sim_Later_Simple.Mdl", shown in Figure 3.5 is
used for evaluating the lateral LQR design. It includes the state-feedback matrix Kpr and the mixing-
logic matrix KmixM2.
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6-dof Linear Simulation Model (Gamma_Control Phase)

Body to Stability

Lifting-Body Aircraft Axis Tranform Latersl
Flight Control
phi ——— | phi
Ps—ps
tability rat =
] Ity rates
p——————Wp b
=
body rates r s
Mt———r b -
dR.
’—> betz
—=|PQR dem b=t
gam - (gamn
_b.
q Lkl al L
o
Mz | Mz

Pitch Flight Centrol

Aero-Surface Feedback Loop
(roll, pitch, yaw) accel demands

Figure 3.6a Simulation Model in File ""Simul_6dof.MdI"; Notice the pitch controller now uses gamma and Nz feedback.

Linear Simulation Model

The Matlab simulation model for the Mach 2, gamma-control phase, is in file "Simul_6dof.mdl" and
shown in Figure 3.6. It looks similar to the simulation models of the previous two cases but in the
longitudinal direction it uses instead {y-integral, v, q, and Nz} feedback, and its input is (y-command)
coming from the closed-loop guidance. This model is used for evaluating the control system's closed-
loop response to ¢ and Yy commands and also to wind-gusts before implementing it on a non-linear 6-
DOF simulation. The vehicle output rates are body rates since the rate-gyro measurements are in
body axes and, therefore, a body to stability axis transformation block is included to convert the (p &
r) body rates to stability axes rates (pstab & rstab) Which are needed by the lateral LQR state-vector
feedback, similar to the previous phases. The linearized turn-coordination terms are also included in
this block.
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Figure 3.6b Vehicle Dynamics Block including the aero-surface Mixing Logic, Gust disturbance and Actuators

Figure 3.6b shows the vehicle dynamics (green) block expanded. It uses the body-axis vehicle model
"Lifting-Body Aircraft Hypersonic Descent from Space /T= 1556 sec (Simul Model)" that was generated
by Flixan and it is loaded into Matlab from file "vehicle_sim.m". The inputs to this block are: roll,
pitch, and yaw acceleration demands from flight control which are converted into surface deflections
by the surface mixing logic KmixM2. Low-pass filters are also used to model the actuator dynamics.
The gust input is a low-pass shaped gust impulse of 30 (ft/sec) velocity. The direction of gust is
defined relative to the vehicle in the input data file "Gamma_M2.Inp", and it excites both pitch and
yaw, perpendicular to the X-body and at 45° between +Y and +Z axes (typical).

The pitch and lateral control laws are state-feedback gains as already described. The pitch controller
consists of a (1x4), {y-integral, v, q, and Nz} state-feedback gain Kq, (oe was replaced with Nz by a gain
relationship Nz2a). An Nz-filter was also included. The pitch axis is excited by a y-command. The

lateral controller is a (2x5), (ps, I's, B, ps-integr, B-integr) state-feedback gain Kpr. It is used to perform
roll maneuvers by rolling the vehicle about the velocity vector (Vo).
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Figure 3.6¢ Pitch and Lateral state-feedback Control Laws derived by the LQR method

Simulation Results

We will now use the linear simulation model described for the Mach 2 case to perform gamma and
roll maneuvers simultaneously. The two commands are: ym¢=2°, and ¢mq=10°. Both variables
respond as expected to the step commands. The vehicle rolls 10° about the velocity vector creating a
very small sideslip transient in 3.

5-91



Lifting-Body Aircraft at Mach 2, Phicmd=1ﬂ {deq), Gammacmu=1 {deg)

1|:| T 1 T 1 1 1 1 1
w8 -
1]

3
= Br 7
%;
[} _,-_1_ ]
-
5
m 2 —
0 I I I I I I I I I
1] 5 10 15 20 25 30 35 40 45 a0
"Il | | | T | | | | T
¥ oo :
3
g2 .
a
m
o 1 _
=
=
..-I |:| o= S————
-1 I I I I I I I I I
1] 5 10 15 20 25 30 35 40 45 a0

200
@ 150
o
= 100
(1]

b
o a0
[}
=]
= 0
50 I I I I I I I I I
1] 5 10 15 20 25 30 35 40 45 a0
Time sec

Figure 3.7 Vehicle Response to Simultaneously applied phi and gamma commands at Mach 2
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Stability Analysis

Figure 3.8 shows the Simulink model "Stab_Anal.mdI" used for analyzing the stability margins for the
Mach 2 case. This model is similar to the simulation "Simul_6dof.MdI" but it is configured for open-
loop analysis. One loop is opened and the other two loops are closed (in the case shown below the
roll loop is opened). The Matlab file "Frequ.m" uses this model to calculate the frequency response
across the opened loop. The next two figures show the Nichols plots in the pitch and roll directions
and the red lines are highlighting the phase margins for the Mach 2 case.

Stability Analysis Model
(Gamma_Control Mode)

Body to Stability

Lifting-Body Aircraft Asis Tranform Lateral
Flight Control
phi ———— | phi
pst+——— P (p= ot
ol (T
stability rates
p—————Mpb ty
s
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I_5 1
r—— i b
dR
’—b beta
——|PQR dem bet
gam I EL
q gl o0 —
Nz | Mz

Roll |_IJDFI DFIEI'I Pitch Flight Contral

All Other Loops Closed

Figure 3.8 Stability analysis model "Stab_Anal.mdl" used for frequency response analysis
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1.4 Approach and Landing Mode

The approach and landing phase
is different and more complex in
comparison with the previous
three phases because it involves
additional controls and we will
analyze it in more detail. It begins
at an altitude of approximately
20,000 (ft) where the vehicle
dives at a steep (y=-50°) angle in
order to gain sufficient speed and
to be able to perform its final
pitch-up flare, where y must be
reduced to almost zero at landing
without stalling. The closed-loop
guidance system controls altitude
and velocity. The flight control
system receives changes in
altitude and velocity commands
from guidance and it translates them to surface deflections. In lateral, there are no major roll
maneuvers to perform during this period because the vehicle is already aligned with the runway.
Small directional errors detected by the landing system due to cross-winds become commands to the
heading control system and they are converted to small roll adjustments that correct the
misalignments. The aerosurface mixing logic used in the analysis is a fixed matrix "KmixMOp4b” that
was designed for a fixed flight condition. It is already prepared and saved in file "Kmix.Qdr". It
includes a 4th column, in addition to roll, pitch, and yaw, which provides drag control via the speed-
brake. In the non-linear simulation, however, the mixing logic matrix is scheduled just like the control
gains. The approach and landing section of the trajectory is analyzed in folder "C:\Flixan\Trim\
Examples\ Lifting-Body Aircraft\Reentry from Space\Trim_Anal\Approach_Land". The trajectory is in
file "Apprch_Land.Traj". The remaining files are the same as in the previous sections. We begin by
showing some of the trajectory parameters during the approach and landing phase between Mach
(0.7 to 0.3). Notice that the speed-brake is partially deployed for a 55 sec period before landing,
between t=1790 to t=1845 sec. The speed-brake is mechanized by differential body-flap deflections
controlled by the 4th column of the mixing-logic matrix. By partially deploying the speed-brake it
enables the velocity control system to modulate the vehicle drag and thus control speed against wind
variations. The speed-brake, however, is re-deployed about a minute before touch-down to enable
better pitch/altitude control which is more critical for the final flare. Notice how the speed increases
before the pitch-up flare when the speed-brake is re-deployed. Then we trim the aerosurfaces and
repeat a similar and performance analysis for this section of the trajectory, design and analyze the
landing flight-control system which is significantly different here because in the longitudinal axis we
now have two separate control loops for altitude and velocity control. We will also use the Flixan
program to generate uncertainty models and analyze the flight control system robustness to
structured parameter variations by using p-analysis.
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Aerosurface Trimming

We will trim the aero-surfaces along the approach and landing section of the trajectory to balance
not only the 3 vehicle moments but also the axial acceleration along the trajectory. The x-acceleration
is included in the aero-surface trimming process because a velocity control loop will be included in
the control system to provide control in the x-direction. It is modulating drag by means of controlling
the opening of the speed-brake. The mixing logic matrix must be designed to receive the deceleration
control demand and to translate it to speed-brake opening. The trimming algorithm must balance the
3 moments and also the axial acceleration along the target trajectory according to the control
authority of each aerosurface. Start Flixan and select the appropriate files in folder "C:\Flixan\ Trim\
Examples\Lifting-Body Aircraft\Reentry from Space\Trim_Anal\ Approach-Land". From the Trim main
menu choose option-3 for trimming, do not select a trim initialization file and select to trim along the
three rotational moments, roll, pitch, and yaw, plus the x-acceleration. The program will determine a
combination of surface deflections that balance the moments and the x-acceleration based on the
control capability of each surface. The trim deflections are saved in file "Apprch_Land.Trim".

i T

Select One Data File from Each Menu Category

The following analysis requires some data files o be selecied from
the current project directory. Select one daia file for each

calegory, (some of the calegories are oplonal).

- ) - E; Mass Properties Surface Hinge Moments
Select a Project D"EEW'A |Lift_BodyMass  +| | LiftBody.HMco |
wdy Aircraft\Reentry from Space{Trim_Anal\Approach_Land
Trajectory Data Aero Damping Derivat
4 || Reentry from Space - IApprch_Land.Traj LI ILiftEu:udv.Damp j
> . Figs
>l Mat_Anal Basic Aero Data Propulsion Data
» L. Re-Entry Simulation (8-dof) -D [LiftBody_Basic.Aero ~| [no DATA FILE |
4 ) Trim_Anal
> 1. Alpha_Control (=]
. Anoroach Land = Contr Surface Aero Coeff Aero Uncertainties
, )| Gamma_Control |LittBody_surfDelt _~| |LiftBody.Unce |
>, Mz_Control
> ) ReEntry Glider = Slosh Parameters
4 [ 1 | MO DATA FILE - oK

[: r‘%v How Many Directions to be Balanced l u

How many vehicle accelerations are to be balanced by
using the control effectors {three rotations is often Select
sufficient)

Three Rotational Moments Only [No Translational Accelerations)
Three Moments, Plus [1) Translation Acceleration along Z, (Az)

Three Moments, Plus (1) Translation Acceleration along X, (Ax)
Three Moments, Flus (2) Translation Acceleration along X and Z, (Ax & Az)
Three Moments, Flus (3) Translation Accelerat along X, Y and Z, [Ax, Ay, Az)
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Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Approach and Land,

—
5 L e e /
10 -
15 |-
20 -
/1

-10

-20
-25
-30

1780 1800 1820 1840 1860 1880 1900
Time (sec)

Notice that the Elevon deflections are negative (up) during the final flare in order to generate the
required pitching moment to bring y=0. Notice also the four body-flap deflections during the period
of a partial speed-brake deployment (1790 to 1845) sec. Remember that these are trim results and
not simulations. The effector deflections are calculated by the Trim program in order to balance the
moments and match the x-acceleration along the specified trajectory. The aero-surface bias angles in
the surface deflections file "LiftBody_Surf.Delt" were preset to fixed values close to the average trim
angles obtained from the 6-dof simulation.
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Hinge Moments along the Trajectory

The hinge moments, option-8 from the Trim main menu, calculates and plots the moments at the
hinges of the 7 aero-surfaces as a function of time, as the vehicle follows the specified trajectory. It
uses the hinge-moment coefficients data from file "LiftBody.HMco" to calculate the moments as
described by equation (3.50). The hinge moments are saved in file "Apprch_Land.HiMo", as a function
of the trajectory time.

Select one of the following options Exit | oK I

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix {Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects
9. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots {Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

Moments at Control Surface Hinges (ft-Ib), Lifting-Body Aircraft Approach and La

Left Elevon

Right Elevon

-450

350
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50

-50
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Time (sec)
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This option is useful in sizing the actuator torques. It is, however, available only when a hinge

moment coefficients file (.(HMco) is available.

5-104



Performance Parameters along the Trajectory

Before beginning the performance analysis it is important to select the systems file "Kmix.Qdr" which
includes the control-surface mixing matrix "KmixMOp4b". The mixing logic matrix defines how the
aero-surfaces combine together to allocate control along roll, pitch, yaw, and axial control, and the
control authority (or effort) parameters strongly depend on this matrix. The fourth column in matrix
"KmixMOp4b" is the axial acceleration demand and specifies the opening of the four body-flaps that
implement the speed-brake function for axial acceleration control. It is mainly a combination of upper
and lower differential body-flap deflections that modulate drag. This axial acceleration control input
is of course applicable only during the period where the speed-brake is partially deployed, and a
different mixing logic is used otherwise. However, to avoid complicating the analysis we will keep a
constant mixing logic matrix in the entire approach and landing trajectory. From the Trim main menu
select option-6 to calculate the static performance parameters along the trajectory. The program
requests a (7x4) mixing matrix since we have included the axial direction when trimming. The Flixan
mixing-logic algorithm was used to generate the mixing matrix. The matrix, however, was slightly
modified to improve the LCDP by introducing more rudder participation in roll. We must also define
the maximum dispersions from trim in the aerodynamic angles amax and Bmax, and the maximum
airspeed variation. That is 2° and 30 (feet/sec) due to wind-shear disturbances or maneuvering.

[ Select a Project DirectoryA |

1y Aircraft\Reentry from SpaceTrim_anal\Approach_Land —

|

4 | Reentry from Space -
> | Figs Enter a File Mame containing Enter a File Mame containing
> | Mat_Anal the lnput Data [Rx=.10p] the Quadruple Data [xxx.0dr)
> | Re-Entry Simulation (6-dof) -D
a | Trim Anal INewFile.Inp IKmi:-:.qu:IrI
> |, Alpha_Control |E|
> | |, Approach_Land M MewFile. qdr

MewFile.Cdr

> | Gamma_Control
> | Mz_Contral
> ) Re-Entry Glider -

< | 1 G

| Create Mew Input Set I | Euit F'ru:ugraml | Select Files I

Select one of the following options Exit | oK |

. Plot Aero Coefficients, Derivatives, and Control Surface Increments
. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data {CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis

RN on [ R TR S

11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)
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Define the EW

The Mixing Logic Matrix translates the Flight Control [Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TWC, and Throttling).

Select a Mixing Matrix
from Systems File

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: NewFile.gdr, or let the
program calculate it

When you create a new Mixing Logic you have the option of

adjusting the participation of each effector in the
combination matrix. Maximum contribution is 100%. Select
this option for 100% participation from all effectors.

Create a Mixing Matrix
Using All Effectors at
100% Participation

There are times, however, when you want to reduce their
contributions. Plus some effectors are only used for
Trimming and not for Control. Their participation should be
set to 0% in the effector combination calculations.

Create a Mixing Matrix
by Adjusting the Effector
Contributions

Maximum Aero Disturbances

The control effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their
trim values.

Enter the worst expected alpha and beta dispersions in
{deg), and also delta-velocity in (ft/sec) from trim that must
be controlled by the effectors, and click OK.

2.0000
30.000

Maximum
Beta (deg)

Maximum

Alpha [deg)

Maximum Change in Velocity due
to Wind in (feet/sec)

ok

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix I

LA A [

EMIXMOPSE

- Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 1839

: Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 1839

Static Margin, Center of Pressure, Aero-Center (ft), Lifting-Body Aircraft Appro

1780

1840
Time (sec)
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Translation Control Effort |dX/dXmax|<1 Against 2 (deg) of Alpha/Beta Variation

3
25
; g Period of Speed-Brake Activity
1 where speed is actively controlled |
5
0
-5 SO - ‘I,\
_{;, Speedng Not Directly
-2 Controlled Here
_Z;g

Rotation Control Authority [dQ/dQmax|<1 for 2 (deg) of Alpha & Beta Variation

I — T |
5 |-
0
-5
P ] ‘ \ /“’_r\
1.4 : :
12 Pitch Authority
P Agamst Alpha
a Variations
) Deteriorates Near
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4 ng
2
0
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The performance results show that during this phase the vehicle is statically stable both in pitch and
lateral. The short-period resonance varies between: 1.8 to 3 (rad/sec) and the static margin varies
between: 4.5% to 9%. In the lateral direction the Dutch-roll resonance varies between: 2.8 to 3.8
(rad/sec). The maximum (Qa, Q) loading is 2200 (psf-deg) which is acceptable. This is due to the 2°
of Olmax and Pmax dispersions. The CnB-dynamic is positive which means that the vehicle is directionally
stable. The bank angle parameter (¢) is due to cross-wind produced by Byax= 2°. It is less than 3° near
landing, which is acceptable. The control efforts against amax and Bmax dispersions are sufficiently
small in pitch and yaw. In roll, however, the control authority exceeds the acceptable limit. Roll
authority was compromised in order to increase the LCDP magnitude and to avoid roll-reversals. It
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means that in the presence of a strong gust the RCS jets will be energized, since RCS control is always
available as an outer loop. The pitch control effort also increases near landing (less authority) due to
the dynamic pressure drop and the increased Elevon deflections (near the limits) for the pitch-up
flare. The axial control authority is very good (effort below 0.3) in the period where the speed-brake
is partially opened and active. It means that we can modulate the speed-brake to regulate speed
against the anticipated omax and Bmax dispersions. The axial control authority deteriorates near
landing but we don’t care because we are not directly controlling airspeed near landing. The next
figure shows the maximum accelerations in the 4 control directions at full control demands, in
(deg/sec2) and in (feet/sec2).

Max Linear Accelerations in (ft/sec”2), at Maximum +ve and -ve Control Demands
4 = ——
2 S —
i J -
4 - Axial Acceleration Capability is

6 Increased in this Region by

. 1‘3 I~ Partially Opening the Speed-Brake

12 -
14 |-
16 -

Max Angular Accelerations (rad/sec”2), at Maximum +ve and -ve Control Demands

200
150 h\
100 |-

50

Controlled

50 -
100 |-

150 ——\/,_,’_J*/
200

150 ‘/\‘\‘\_'\\,ﬁ
100 |-

50

[T~
,_\—//\_j

e ——— N S
: T
/

-40 _—_/__,——————’__—\———-—\__\‘_
50 E=
1780 1800 1820 1840 1860 1880 1900

Time (sec)
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Translation Control Effort |[dX/dXmax|<1 Against +Vmax & -Vmax AirSpeed Variation

Good Control Authority Here

—_—

[=JNE, .

-5 - Period of Speed-Brake Activity . Control Authority
where speed 1s directly controlled Deteriorates but
1.5 - Speed is Not

2 - Directly Controlled
25 - ' i Near Landing

Rotational Control Authority |dQ/dQmax|<1 Against +Vmax & -Vmax Veloc Variations

00010 -
00008 |-
.00006
.00004
.00002

-.00002
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.20
10

--10 Pitch Autharity
-.20 Against Airspeed
_30 |- Variations
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’ Landing

100010
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Pyl Roll and Yaw Controllability is Not
00002 |- Sensitive to Airspeed Variations
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-.00010
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The above figure shows the effectors system control authority against airspeed variations Vpmax = +30
(feet/sec). The axial control effort is very good (below 0.2) in the period where the speed-brake is
partially opened and active. It means that we can modulate the speed-brake to regulate speed
against the anticipated V.x airspeed variations due to winds. Roll and yaw control authority is not
affected by the V. variations because the nominal =0 in this case. The pitch control authority is
also very good. It means that the pitch effectors can produce enough moment to counteract the pitch
moment produced by the V., variations. That is either tail-wind or head-wind variations.
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Contour Plots Analysis

We will now show some important performance parameters by using contour plots. Contour plots
allow us to visualize vehicle performance over the entire Mach versus Alpha range, and it is selected
by clicking in option-10 from the Trim program main menu. The surface mixing matrix KmixMOp4b is
also selected from file "Kmix.Qdr".

F -

Select one of the following options Exit oK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix [Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Medlh' Vehicle Data [{ZG MRC, TVC, Surfacesl for DISPE[SIDH Anal';sls
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

o R T R SETCR N =

Acceleration Demands in 4 Directions

dP dQ dR dAx Surface Commands
0.0500 -0.2000 -0.0800 0.0200 Left Elevon
-0.0500 -0.2000 0.0800 0.0200 Right Elevon
-0.1800 0 -1.0000 0 Rudder
0.0200 0 0.0100 0.0300 Upper Left Body Flap
-0.0200 0 -0.0100 0.0300 Upper Right Body Flap
0.0100 -0.0350 0 -0.0800 Lower Left Body Flap
-0.0100 -0.0350 0 -0.0600 Lower Right Body Flap
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The first two plots show the pitch and lateral stability parameter in the entire Mach versus alpha
range. The trajectory is shown by the dark line starting from the lower right-hand corner (Mach 0.65,
a=6°) and ending in the upper left-hand side (Mach 0.25, a=22°). The stability parameters show that
the vehicle is statically stable in both pitch and lateral. In the lateral direction the stability parameter
is almost constant. The next two plots show the pitch and yaw control authority, against 2° of Omayx
and Bmax disturbances, which is good in both directions. The roll control authority, however, is not
sufficient in some regions shown in brown color and it is barely marginal in the purple regions. The
LCDP ratio which measures dynamic controllability in roll is good. The surface mixing logic matrix was
adjusted to improve the LCDP at the expense of reducing roll control authority, as already discussed.
Notice, the following contour plots were calculated using a constant mixing-logic matrix but in
actuality the mixing-logic is also scheduled similar to the control gains as a function of Mach and
alpha.
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Pitch Control Effort Contour Plot (Mach vs Alpha)
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B 1<z<07
[l -07<z<-05
[ -05<z<-03
[ -03<z<-01
-0.1<Z<-0.05
-0.05 <2<-0.01
-0.01 <2< 0.01
0.01<2<0.05
[ 005<z<01
B o1<z<03
B 03<z<05
B o05<z<07
B o7<z<1
| IR
(+) Stop Limit

25 .30 .35 .40 45 .50 55 .60
Mach No

Yaw Control Effort Contour Plot (Mach vs Alpha)

(-) Stop Limit
B z<
B 1<z<07
[l 07<z<-05
[l -05<z<-03
[ -03<z<-01
-0.1<Z<-0.05
-0.05 <Z<-0.01
-0.01<2<0.01
0.01<2<0.05
[ 005<z<01
B o1 <z<03
B o3 <z<05
B o5 <z<07
B 07 <z<1
1<«
(+) Stop Limit

25 .30 .35 40 45 50 55 60
Mach No

5-114



Alpha (deg)

Alpha (deg)

20

18

16

14

12

10

Roll Control Effort Contour Plot (Mach vs Alpha)

.30 35 .40 45 50 55 .60
Mach No

Roll Departure (LCDP) Contour Plot (Mach vs Alpha)

0.2<LCDP<0.5

0.5<LCDP<0.8

.25 .30 35 40 45 .50 .55 .80

Mach Mo
5-115

-0.7<Z<-0.5
-05<Z<-03
-0.3<Z<-0.1
-0.1<Z<-0.05
-0.05 <Z<-0.01
-0.01 <Z<0.01

(-) Stop Limit

Z< -1
-1 <Z<-0.7

0.01<Z<0.05
0.05<Z<0.1
0.1 <Z<03
0.3 <Z<05
05 <Z<07
07 <Z< 1

1 <Z

(+) Stop Limit



Controllability Analysis by Using Vector Diagrams

Vector diagrams are used for analyzing vehicle controllability at fixed flight conditions by comparing
the control authority of the aerosurfaces against the effects from wind-shear disturbances defined in
terms of angles of attack and sideslip dispersions omax and Bmax from trim. In this case the dispersions
are expected to be less than +2°. Partial vector diagrams also analyze the controllability gain Cys
against the aerodynamic partials C,, etc. To run the vector diagrams program, from the Trim main
menu select option-11, and then enter a flight condition at t=1839 sec, which is in the region where
the speed-brake is partially deployed and it is actively controlling the speed by varying drag. The
control system in this flight condition is controlling the vehicle motion in four directions, including a
velocity control loop.

i T

Select one of the following options Exit | oK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TWVC Matrix (Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

Performance and Stability Parameter Plots Along Trajectory Time

Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

- e ——
Select a Time from: [ 17767 to 19106 ] to Analyze Vehicle
Caontrallahbility

N

ak.

1833

The following dialog consists of menus for selecting the flight condition which is defined by the
vehicle mass, Mach number, alpha, and beta. Select the default values that correspond to this flight
condition and click on "Select". Notice that Mach 0.3 and a=9° are the nearest Mach number and
angle of attack at the selected time. In the following dialog enter the maximum dispersion angles
(0tmax and Bmax)=2° from trim oo and PBo, that define the wind-shear disturbances. Enter also the
maximum airspeed variation due to winds, 50 (feet/sec). Then select the (7x4) control surface
combination matrix "KmixMO0Op4b" from file Kmix.Qdr, as shown.
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|

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below
o " Select
and click "Select
Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)
527.95 | 0.3000 | 9.00 0.00
77329 EEETE - PO - [
70031 0.6000 100
53416 0.8000 11.0
0.9000 12 .0 Maxirmum Aere Disturbances
09500 13.0 . i
1100 14.0 The control effectors must be capable of varying the vehicle
: ) angles of attack and sideslip (typically 3-5 deg) from their
1.200 150 trim values.
1.600 Al 160 Enter the worst expected alpha and beta dispersions in
2.000 170 [deg), and also delta-velocity in (fifzec) from trim that must
be controlled by the effectors, and click OK.

Maximum Maximum

Alpha (deg) 20000 Beta (deg) |—|2.EIEIDEI
— = Maximum Change in Velocity due

Define the Effector Combination Matrix to Wind in (feet/sec) 50.000

The Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-Surface, TVC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
(Kmix) from the Systems File: Kmix.qgdr, or let the program
calculate it

ok

Select a Mixing Matrix
from Systems File

hen you create a new Mixing Logic you have the option of
justing the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select Using All Effectors at
this option for 100% participation from all effectors. 100% Participation

There are times, however, when you want to reduce their
contributions. Plus some effectors are only used for Create a Mixing Matrix
Trimming and not for Control. Their participation should be by Adjusting the

[set to 0% in the effector combination calculations. Effector Contributions

,

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix

KMIXMOPS - Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 1839
EMIXMOPAB - Mixing Logic for Lifting-Body Aircraft Descent Trajectory at Time: 1835

The vector diagrams in Figure 1.4.1 show the non-dimensional roll and yaw moments and side-force,
(C, Cn, Cy), produced when the roll and yaw FCS acceleration demands are at maximum deflection
from trim, before reaching the aerosurface limits. The solid blue vector shows the moments when the
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yaw FCS demand is at its maximum positive position OR.rcsmax, and the dashed blue vector in the
opposite direction is the negative moment produced when the yaw demand is at its peak negative
position OR_rcsmax- Similarly, the green vectors in the vertical directions show the peak roll and yaw
moments produced by maximizing the roll control in both directions dP+¢csmax. The control moment
vectors are pointing towards their intended directions with some cross-coupling. They are, however,
perfectly orthogonal to each other which is a good property for control. The lower figure shows the
maximum side-force produced by maximizing the yaw demand. Positive yaw demand requires a
negative rudder deflection which produces a negative side-force. The two red vectors show the roll
and yaw moments produced by the angle of sideslip +Bmax dispersions from trim and they are mainly
in roll. Positive Bmax produces a positive yawing moment because the vehicle is stable, also a big
negative rolling moment because this lifting-body vehicle has substantial dihedral. It also produces a
negative side-force. The red rectangles at the tips of the arrows show the roll, yaw, and side-force
uncertainties in the dispersion and in the control vectors. The uncertainties are defined in file
"LiftBody.Unce".

The vector diagrams in Figure 1.4.2 analyze controllability in the longitudinal direction when the two
control demands are maximized. In addition to pitch control the vehicle uses the speed-brake to
modulate drag and vary the negative acceleration. The flight control produces two longitudinal
demands: pitch (0Qfcs) and axial (0Xrcs) accelerations. The actual deflections are determined by the
surface mixing matrix. The figures show the pitch moment Cm plotted against the CZ and the CX
forces in coefficient form. The blue vectors represent the maximum pitch moment and forces
produced when the pitch control demand is maximized. The solid blue vector is due to max positive
0Qurcsmax, and the dashed blue vector is due to max negative 8Q.rcsmax Pitch demand. The pitch
control, in addition to producing a pitching moment, it produces also significant force variations in z,
and to a lesser extent in the x direction. Unlike the lateral directions, the vectors here are not
symmetrical because the positive control demand 8Q.rcsmax Produces a larger moment and z-force
variation than the negative control demand. The vehicle is trimmed in pitch because Cm is almost
zero when the control 6Q¢cs=0. It is, however, accelerating in both -x and -z directions because CX and
CZ are negative when 0Qrcs=0. Notice that a +pitch control demand reduces the magnitude of CZ,
reducing lift because the Elevons rotate upwards to increase the pitching moment. The green vectors
show the effects of the axial control 0X¢cs via the speed-brake on Cx and Cm. The effect is mainly in
the demanded x direction but it also couples in pitch. At the partially deployed speed-brake position
the aft force -CX has a nominal value of 0.07, and it can be varied between: 0.04 to 0.12. The red
vectors represent the pitch moment, axial and z forces generated by the +2° variations in the angles
of attack and sideslip +0max and *Bmax from their trim positions. The disturbance in this case is mainly
due to the toa variations, positive omax generates negative pitching moment because the vehicle is
stable in this flight condition. It also produces a negative z-force and a less negative x-force,
increasing o makes the z-force more negative (up). The rectangles centered at the vector tips
represent the possible variations due to the uncertainties in the aero-coefficients.
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Comparison between Maximum Pitch Control Moment and Axial X-Force (Blue & Green)
Against Disturbances due to Maximum Alpha Variation (red), Non-Dimensional
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Figure 1.4.2 Pitch Moment, Normal and Axial Forces produced by maximizing the Longitudinal Controls and also due to 0,
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Comparison between Maximum Pitch Control Moment and Axial X-Force (Blue & Green)
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Figure 1.4.3 Pitch Moment, Normal and Axial Forces produced by Air-Speed Variations £V,
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Figure 1.4.3 is similar to Figure 1.4.2. The control vectors are the same but the red dispersion vectors
are different. They represent the pitch moment and forces on the vehicle produced by variations in
the airspeed due to winds, Vmax= 50 (feet/sec). An increase in airspeed due to head-wind +Vpay
produces negative pitching moment (statically stable), negative z-force (upwards), and more negative
axial acceleration (drag).

The vector diagrams in Figure 1.4.4 show the moment and force partials in the lateral directions. The
top figure shows the roll and yaw moment variations per acceleration demands in roll and yaw in
(rad/secz). The blue vector is the moments partial per yaw demand {CndRcs, CIOR¢cs} and it is pointing
towards the yaw direction. The green vector is the moments partial per roll demand {CndPgcs, CIOPkcs}
and it is pointing mainly in roll. The two vectors couple into each other's directions but they are
nearly orthogonal to each other. The blue vector in the bottom diagram is the yaw moment and side-
force partial per yaw demand. The red vectors pointing downward are the scaled {Cnf}, CI3, CyB}
partials. Notice that Cnf is positive because the vehicle is stable, and CIf is negative due to the
dihedral and it is bigger in magnitude than Cnf3. The red rectangles centered at the tips of the {Cnf,
CIB, CyB} vectors represent the uncertainties in the partials. Similarly, the rectangles at the tips of the
control partials represent possible variations in the partials due to aero uncertainties. The
uncertainties are obtained from file "LiftBody.Unce".

The vector diagrams in Figure 1.4.5 show the moment and force partials in the longitudinal directions.
The blue vectors represent the pitch moment, axial and normal force partials per pitch acceleration
demand in (rad/sec?), {CX8Qgcs, CM3Qscs, CZ8Qgcs}. The pitch control vector partial is pointing mainly
in the pitch direction but it also couples in the X and Z directions. The green vector in the top diagram
represents the pitch and axial force partials: {CX0Xrcs, CmoXecs} per axial acceleration demand in
(feet/sec?), and it is mainly in the vertical axial force direction. The two control partials are almost
orthogonal to each other, pointing towards the intended directions, and they are not coupling very
much into each other's direction. The red vectors represent the {Cxy, Cmo, Czo} partials. Notice that
Cma is negative because the vehicle is stable in this flight condition. The red rectangle centered at
the tips of the {Cxo, Cma, Czo} partials represents the uncertainties in the partials. Similarly the yellow
rectangle at the tip of the pitch control partial represents the uncertainties in {CX0Qgcs, CmMOQkcs,
CZdQscs}, and the cyan rectangle at the tip of the axial control partial is the uncertainties in {CXdX¢cs,
CmoXkcs}. The uncertainties are obtained from file "LiftBody.Unce".
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Comparison Between Control Moment & X-Force Partials: {Cm/delta_Q & CX/delta_X}
(Blue and Green), Against Velocity Variat. Partials: {Cm/deltV & CX/deItV} (Red)
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Figure 1.4.6 Longitudinal Moment and Force Partials, Including Partials per Airspeed Variation
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The control vector partials in Figure 1.4.6 are the same as Figure 1.4.5 but the red disturbance partials
are different. They are pitch moment and x and z forces per air-speed variations. The vectors
compare controllability versus disturbability gains. That is, vehicle static response to control demands
against its response to wind variations and obviously the controls must be stronger than the vehicle
responses to air-speed variations along the two control directions. The disturbance partials are scaled
as it is described in equation (3.24d) in order to be made comparable with the control partials.

The two vector diagrams in Figure 1.4.7 show the partials of accelerations per acceleration demands
in the four control directions. The top diagram is the partials of pitch and axial accelerations per
acceleration demands in the two longitudinal directions. The green vector pointing upwards is
accelerations per axial demand {X/SXFCS, Q/SXFCS}, and the blue vector pointing towards the right is
accelerations per pitch demand {X/SQFCS, Q/SQFCS}. The directions of the vectors imply that the two
longitudinal axes are almost perfectly decoupled, because the acceleration partials are pointing in the
corresponding directions, they are almost unit vectors and orthogonal to each other, which imply
good longitudinal controllability.

The bottom diagram in figure 1.4.7 shows the vector partials of roll and yaw accelerations per
acceleration demands in roll and in yaw. The green vector is accelerations per roll demand {P/8P¢cs,
R/8P¢cs), and the longer blue vector is accelerations per yaw demand {P/8R¢cs, R/SRecs). The axis
units are in (rad/sec?) per (rad/sec?). They are almost orthogonal to each other, which is good, but
the green vector is smaller which indicates reduced controllability in roll.

5-126



Partials of Pitch and Axial Accelerations per Pitch and X Control Accelerat Demands

1.4
'E 1.2
@
. 1
03
52 s
o
c
£ 6
23
@
L O 4
g 32
8 s
= 2
g X
A 0
=
<L
-2

(Qdot, X_dd)/Qdot_Dem (blue), (Qdot, X_dd)/Xdd_Demand (green), (r/s2)/(r/s2), (9/g)

Partials of

X, Q
8 X com

Trim Conditions

| Flight Time =s«=seeeessmsnnas;
Mach Number «=«ssemesecmeaaca: (.

528,
200 200

Max Alpha/Beta Disturb (deg) :

PitCh & A)(i | Aero-5urface Trim Angles (deg)
Acceleratio 5 Elgﬁ.:. p]liﬂ;;iffgl.;‘(glgj 63 1e e . . .
per Axial raine o T At (4 Partials of Pitch & AXIEI
Accelerations per Pitc
Accelerat ‘ =] |
Demand '} [ —— ) Acceler Demand
L B L ]

Pitch

lcom

Acceleration per Demand

-2

2 4 6 8

0 , . .
Qdot/Qdot_Demd (r/s2)/(r/s2)

Partials of Roll and Yaw Accelerations per Roll and Yaw Control Accelerat Demands
(Rdot, Pdot)/Pdot_Dem (green), (Rdot, Pdot)/Rdot_Dem (blue), (rad/sec2)/(rad/sec2)

o 1
c
£
[Ty 5
o ¢
EK
o
o @ 0
5 5
Qo £
w8 -5
25
7]
g5 -
=]
<7
mc 15
2

P, R

Trim Conditions

Partials of Roll &

3P

Yaw Accelerations e ——
per Roll Accelerat .
M Dema nd eta Disturd (deg) ?Ig.'uo 20

Aero-Surface Trim Angles (deg)
-164 -156 0128 -161 -163 136 136
Engine Pitch Trim Angles (deg)

Engine Yaw Trim Angles (deg)

-
Partials of Roll & Yaw

Accelerations per Yaw
Acceler Demand

Yaw

¢ Acceleration per Demand

0

4 6 8 1 1.2

2 . .
Rdot/Rdot_Demd (r/s2)/(r/s2)

Figure 1.4.7 Acceleration Vector Partials in the Longitudinal and Lateral Directions

5-127

-l

om



Dynamic Modeling, Control Design, and Stability Analysis

We will now create dynamic models for the approach and landing phase at a fixed flight condition
(Mach 0.4). We will also use these models to design control laws, a control surface mixing logic,
analyze stability in the frequency domain, check the system's robustness to uncertainties by p-
analysis, and evaluate the system's landing capability in a simulation by tracking altitude and speed
commands. The vehicle dynamic model is created using Flixan. From one of the trajectory plots, go
the top menu bar and choose "Graphic Options". Then from the vertical pop-up menu click on "Select
Time to Create State-Space System". Then using the mouse click at time t=1839 sec, along the x axis
to select the flight condition. This flight condition was selected because the speed-brake which allows
us to do speed control is deployed at that time. The program confirms the flight time and prepares
the dynamic model. In this case, however, we will skip the details because the input data at trajectory
time t=1839 (sec) which corresponds to Mach 0.4 is already prepared and the input data is in file
"Land_MO0,4_0.Inp". The Matlab analysis for this flight condition is performed in folder "C:\Flixan\
Trim\Examples\Lifting-Body Aircraft\Reentry from Space\Mat_Anal\Mch_0.4".

Processing the Input Data

We will now describe the contents of the input data file "Land _MO0,4 _0.Inp" and process it using
Flixan. It creates the following systems and matrices that will be used in the Matlab control design
and analysis:

e A vehicle simulation model "Lifting-Body Aircraft Landing Phase (Simul Model)". This model is
augmented to include one additional output (change in velocity). This output is required for
speed control. It is not included in the original system outputs, although it is in the state-
vector. The modified simulation system title is "Lifting-Body Aircraft Near Landing, Simulation
Model" and it is also saved in file "vehicle_sim" for Matlab analysis.

e A stability axis model "Lifting-Body Aircraft Landing Phase (Stability Axis)". This model is used
for control design. The body rates are measured with respect to the velocity vector. It has the
turn coordination terms included in the dynamics. This model is split in two separate pitch and
lateral subsystems "Lifting-Body Aircraft Landing Phase Pitch Design Model" and "Lifting-Body
Aircraft Landing Phase Lateral Design Model " which are also saved in files "pitch_des.m" and
"later_des.m" respectively and used for control design using Matlab.

e A model with 60 uncertainties used for robustness analysis "Lifting-Body Aircraft Landing
Phase (Robust Analysis with 60 Uncert)". This model is used for p-analysis. It is split, however,
in two separate pitch and lateral subsystems "Lifting-Body Aircraft Near Landing, Pitch Robust
Analysis (28 Uncs)" and "Lifting-Body Aircraft Near Landing, Lateral Robust Analysis (32
Uncs)". The uncertainties of the pitch parameters are included in the pitch model and the
uncertainties of the lateral parameters are included in the lateral model. These two
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uncertainty systems are also saved in files "pitch_unc.m" and "later_unc.m" respectively and
used for robustness analysis in Matlab.

e A (7x4) mixing logic matrix "KmixMOp4a" is also created. It converts the roll, pitch, yaw, and
axial acceleration flight control demands to 7 aero-surface deflection commands. Its title is
"Mixing Logic for Lifting-Body Aircraft Landing Phase". Notice that the 4 body-flaps are de-
emphasized in the mixing-logic matrix calculation because their maximum deflections from
nominal in the vehicle input data are reduced to 10° instead of 30°. This places higher
demands on the elevons and rudder. This matrix is saved in file KmixMOp4a.Mat. In the
control analysis, however, it is replaced with a different surface combination matrix
KmixMOp4 which improves the LCDP performance.

To process this file, start Flixan and select the project directory containing the input data file. Then go
to "Edit", "Manage Input Files" and "Process/ Edit Input Data". When the following dialog appears,
select the input data file "Land_MO0,4_0.Inp" from the left menu and click on "Select Input File".

Process Input Data Files

Paint to an Input Data Filename )
and Click"Select Input File" The following zets of input data are in file: Land_M0.4_0.inp Eit
Land M0.4 Oinp : Batech for analyzing the Lifting-Body Vehicle during Approach and Landing, at t=1839 se
Land MI4 Oino Flight Vehicle : Lifting-Body Rircraft Landing Phase (S5imul Model)
. Flight Vehicle : Lifting-Body Aircraft Landing Phase (Stability Axis)

Flight Vehicle : Lifting-Body Aircraft Landing Phase (Robust Znalysis with €0 Uncert)

System Modificat : Lifting-Body Rircraft Near Landing, Simulation Model

Mixing Matrix : Mizxing Logic for Lifting-Body Zircraft Landing Phase

System Modificat : Lifting-Body ARircraft Landing Phase Pitch Design Model

Svstem Modificat : Lifting-Body ARircraft Landing Phase Lateral Design Model

System Modificat : Lifting-Body Rircraft Near Landing, Pitch Bobust Analysis (28 Uncs)
System Modificat : Lifting-Body Aircraft Near Landing, Lateral Bobust Analysis (32 Uncs)
To Matlzb Format : Lifting-Body Rircraft Near Landing, Simulation Model

To Matlzb Format : Lifting-Body Rircraft Landing Phase Pitch Design Model

To Matlab Format : Lifting-Body Rircraft Landing Phase Lateral Design Model

To Matlab Format : Mixing Logic for Lifting-Body Rircraft Landing Phase

To Matlzb Format : Lifting-Body Rircraft Near Landing, Pitch Robust Znalysis (28 Uncs)
Select Input File ‘ EanHe‘ To Matlzb Format : Lifting-Body Rircraft Near Landing, Lateral Eobust Znalysis (32 Uncs)

Erecutes Wigw Input Data

Relocate Data Set in File

[hiz batch set creates dynamic madels for control design and simulations of the ftingbody vehicle during the approach and landing phase. During this -
phaze the altitude iz controlled by pitching and the velocity by the speed-brake. The speed-brake is partially opened [body-flaps are at +/- 30 deqg). The
hatch creates a madel in the bady axis for simolation purposes. [t ereates alsa bwa addiional models [piteh and lateral] for contral design using the LOR
method, The change in altitude and velocity [phugoid) states are aleo included in the pitch design. The sufaces mixing matrix hag a fourth column for
drag-modulation contral, All 7 aero-sufaces are uzed to control the vehicle, v

Delete Data Set in File ‘

Copy bo Anather File

‘ Yiew Data-Set Comments

The menu on the right lists the titles of the data sets which are included in this file. On the left side of
each title there is a short label describing the type of the data-set. It also identifies which program
utility will process the data-set. On the top of the list there is a batch already created to process the
entire file. In order to process the batch, highlight the first line titled "Batch for analyzing the Lifting-
Body Vehicle during Approach and Landing, at t=1839 sec", and click on "Execute/ View Input Data".
Flixan will process the input file and save the systems and matrices in file "Land_M0,4_0.Qdr". It will
also create the matrices and system functions used for Matlab analysis.
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LQR Control Design

The Matlab file "init.m" loads the simulation and design systems and the surface mixing matrix in
Matlab and performs the pitch and lateral LQR designs.

% LQF Design & Param Initialization file init.m
dZr=pi/180; rZd=180/pi:

[Aps, Bps, Cps, Dps] = pitch des; % Load Pitch asro-surf Desjign Model
[Ll=, El=s, Cl=, D1ls] = later_dess; % Load Lateral asro-surf Design Model
[As, Bs, Cs, Ds] = wehicle sim; % Simulation Model Eé-dof

load FmixMOp4.mat -ascii; Emix=EmixMOp4:; % Load Surfaces Mix Logic [(7 x 4)
alfal=8.531; VO0=4&ck.4; Thet0=-33.133; ge=32.174; % Additional Vehicle Paramsters
calfa=cosialfal*dir); salfa=sin(alfald*dir) : % for Body to Stability Transform

% Convert Lateral State Vector from Body to Stability Axes, Outputs=3tatces
[A14,E14,C14,D14]= linmod|'Ldes5x'): % S5-state model {p,r,bet,pint,betint}
Al5= Cl4*Al4*invi(Cl4) ; El15= Cl4*E14; % Stability axis System

Cl5= Cl4*inwv (C14) ; D15= D1l4;

% Lateral LQF Design Using Only the BC3 Jets
E=[1,10] *0.4; P=diag(R):

Q=[10 2 0.5 20 0.01]*1; Q=diagiQ);
[Epr,=,2]=1gqr (A15,B1l5,Q,R)

save Epr MOp4 O.mat Epr -ascii

LQR Weights B=[1,1] *2

LQF Weights Q=[1 0.4 0.5 0.2 0.005] *3
Perform LQE design on Jets

Lateral State-Feedback Gain

EUE

% Pitch LOR Design Using the 7 Aero-Surfaces, States: {theta,q,alfa,dH,dv}
[Ap4,EBp4,Cp4,Dpd]l= linmod|'Pd=ss5x'):;
BE=[5,1]: B=diagiE) :

Q=[0.00001 0.01 0.001 7 5]: Q=diagi(Q):
[Ed,s,=]=1lgr (Ap4,Bp4,Q, )

save Eg MOp4 O.mat Egq -ascii

Include Fmix in design model

Pitch LOR Contrl Weights

LOF State Weights {theta,dq,alfa,dH,dV}
Perform LOF design on Surf

o

#F W W

Longitudinal State-Feedback Gain

% Load Linear 3im Parameters

load THV.mat -—-ascii;

c=THV(:,1)'-THV(1,1); h=THV(:,Z2)'; wv=THV(:,3)"':

x0=[0 0 -2 -2 00 18 0 0O 0O]'*d2r; % State Initialization

Longitudinal Design

The longitudinal control design is significantly different now from the previous three modes because
it is now using two control loops: pitch to control altitude, and speed-brake to control velocity.
Although there is significant amount of coupling between the two control loops, it is, however,
possible to achieve a certain amount of independent control in the two directions without saturating
the control limits. The pitch design plant "Lifting-Body Aircraft Landing Phase Pitch Design Model" in
file "pitch_des.m" now includes 5 states: {0, g, o, dh, and 8V}. The phugoid states (6h and dV) are now
included in the design plant because we intend to control them. There is no need for o-integral
feedback in this case. The surface mixing matrix Kmix is also added in the design plant (by including it
in file "Pdes5x.Mdl"), so the plant inputs are reduced to: pitch and axial acceleration demands. In the
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control law implementation the o-feedback is replaced with Nz-feedback because Nz is directly
measurable and the relationship between o and Nz is almost proportional. The state-feedback
generated by the LQR algorithm is a (2x5) gain matrix "Kg_MOp4_0.mat". The Simulink model
"Sim_Pitch_Simple.MdI", shown in figure (1.4.4), is used for a preliminary evaluation of the LQR
design. It includes the state-feedback matrix Kg and the mixing-logic matrix. It calculates the system's
response to altitude and velocity change commands. In the case shown below it calculates the
system's response to a 2° command in altitude. Instead of alpha, Nz feedback is implemented in the
6-dof simulation model.

B delta (deg) =B % BEn .:.IEI 5
SE0LL ABBEA T - 5B PLL ABE BAGE

mple *

¢ Simulation Format Tools Help

= ic] o »

Longitudinal LQR Sim model

Lifling-Body Airaraft
Landing Phase
hoe Deflections Pitch Design Madel
in (deg) from file pitch_des.m

— x = Ax+Bu
e y=Cx+Du

dv

Kmix(2,4) K.E =
Y h 2
Ea— sltitude-cmd
change in
altitude
@4

State feedbadk via Kg

100% oded5

Figure 1.4.4 Simulink Model "'Sim_Pitch_Simple.MdI'" for evaluating the Approach and Landing LQR design

Lateral Design

The lateral design is almost identical to the previous modes. It uses the system "Lifting-Body Aircraft
Landing Phase Lateral Design Model" from file "later_des.m" consisting of states: {ps, rs, and B}. The
lateral design model is in the stability axis and includes also the turn-coordination terms for reasons
already explained. It is augmented (using Simulink file Ldes5x.Mdl) to include also ps-integral and -
integral in the state-vector. The state-feedback matrix generated by the LQR algorithm is a (2 x 5) gain
matrix "Kpr_MOp4_0.mat". The Simulink model "Sim_Later_Simple.Md!" is used for evaluating the
preliminary lateral design. It includes the state-feedback matrix Kpr and the mixing-logic matrix
KmixMOp4.
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Linear Simulation Model

The Matlab simulation model for the approach and landing mode is in file "Landing_Sim.Mdl", shown
in figure (1.4.5). The longitudinal axis is different from the previous control modes because now the
FCS uses altitude and velocity feedback affecting pitch and speed-brake controls respectively. In the
lateral axis directional errors are converted to roll commands. Control in the 4 axes is implemented
by combinations of surface deflections as defined in the surface mixing matrix. The simulation model
is used for evaluating the system's response to ¢ , dh, and 8V commands and also to wind-gust
disturbances. Notice, the a-feedback is replaced with Nz feedback in this model. The output rates are
body rates since the rate-gyro measurements are in body axes. The controller, however, was
designed based on the stability axis model and it expects to see roll and yaw rates about the velocity
vector Vo. A body to stability axis transformation block is, therefore, included in the simulation to
convert the (p & r) body rates to stability rates (pstab & rstan) Which are required in the lateral LQR
state-vector feedback. The linearized turn-coordination terms are also included in this block.

Auto-Landing Linear Simulation

Lateral FCS Loop {Heading Control)

Body to Stability
Acis Tranform

Vehicle Model Heading Control
phi = | phi
P= = p=
stability
e - (p_b
body rates _
rates - (r=
e lr b r_s{
P[5, dR) ' bl = (dP,dR)
Ny
Ny ™
Ver P Vcr
theta I |theta
q |3
-|(dC, dv} dH | dH (0, dV)
e |
Nz = | Mz

Descent Control

Longitwdinal FC5 Loop
{H, ¥} contral

Figure 1.4.5a Simulation Model in File "Landing_Sim.MdI". The pitch controller now uses altitude and velocity
feedback.
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Figure (1.4.5b) shows the vehicle dynamics (green) block expanded. It uses the body-axis vehicle
model "Lifting-Body Aircraft Near Landing, Simulation Model" that was generated by Flixan and has
the additional oV output #15. It is loaded in Matlab from file "vehicle_sim.m". The lateral inputs to
this block from flight control are: roll, and yaw acceleration demands (red), and the longitudinal
inputs are: pitch and axial accelerations (blue). The 4 control demands are converted to surface
deflections by the surface mixing logic KmixMOp4. Actuator dynamics are included in the yellow
block. The gust input is a low-pass shaped gust impulse of 30 (ft/sec) velocity. The direction of gust is
defined relative to the vehicle in the input data file "Land_MG0,4_0.Inp", and it excites both pitch and
yaw, perpendicular to the X-body and at 45° between +Y and +Z axes (typical).

Flight Vehicle Dynamics
Re-Entry Vehicle Near Landing, Simulation Model

-
Inputs = & hl
1 Left Elevon Deflection (radians) @
2 Right Elevon Deflection  (radians) phi >
3 Verical Rudder Deflection (radians) 20 attitude
4 Upper Left Body-Flap Deflection (radians) theta = -
5 Upper Right Body-Flap Deflection (radians) e bl
& Lower Left Body-Flap Deflection (radians) '("' )
7  Lower Right Body-Flap Deflection (radians) a
B Wind Gust Azim & Elev Angles =[45, 20) (deg) p{ 7 )
_Surface deflects
Mixing Matrix Surf ————™
. rates
e e Kmix actuators Lifting-Body Aircraft [ (2
E Mear Landing,
(1 m Simulstion Model -
from file vehicle_sim.m
® = Ax+Bu - - -mlb "
y = Cx+Du Ll -'I albe
(43, dV) 4H
C - Wdaot (2
gst Clodk ime
Gust ] | V]
4 Flight Control 20 (ueeal Ve
Acceleration Demands = Gust
. . ———————{ : ]
Roll, Yaw, Pitch, Axial .,_ = e
{ ¥ Wel Gust (ft'sec) - I
Cutputs = 15 ==
1 Roll Attitude [phi-123) (radians)
2 RollRate (p-body) (rad/sec) —:
3 Pitch Attitude (thet-123) (radians) My
4 Pitch Rate [g-body) (rad/sec) ;@
5 Yaw Attitude (psi-123) (radians) Nz
& Yaw Rate (r-body) (rad/sec)
7 Angle of attack, alfa, (radians) 5
8 Angle of sideslip, beta, (radian) dv

% Change in Altitude, delta-h, (feet)

10 Forward Acceleration (V-dot) [ftfsec)

11 Cross Range Welocity (Ver) (ftfsec)

12  Accelerom # 1, (along X), (ft/sec”2) Translat. Acceler
13 Accelerom # 2, (alongY), [ft/sec”2) Translat. Acceler
14  Accelerom # 3, (aleng Z), (ft/sec”2) Translat. Acceler
15 Change in Velocity (delta-V) (ft/sec)

Figure 1.4.5b Vehicle Dynamics Block including the aero-surface Mixing Logic, Gust disturbance and Actuators

The following figure shows the pitch and lateral control laws which are state-feedback gains as
already described. In the longitudinal axis the controller consists of a (2x5), {0, g, Nz, dh, and 3V}
state-feedback gain Kg, (0. was replaced with Nz by a gain relationship Nz2a). An Nz-filter is also
included. The guidance command inputs are time histories of altitude and velocity, see Figure
(1.4.6b). The two inputs are not for maneuvering since the aircraft is unpowered but they are
coordinated from guidance as a function of energy. The control loops also compensate against wind
disturbances. In the lateral direction the controller is a (2x5), (ps, rs, B, ps-integr, B-integr) state-
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feedback gain Kpr. Its purpose is to perform roll maneuvers for direction control. The roll command is
a function of the heading error which is calculated from the cross-range velocity error.

o Longitudinal System for
Initial Altitude HD DEECEnt Control

2480 |

b
(}q—am: =
Altitude vs Time
Command @—h—
Surface
- Filt StateFeedback
=0 g Rl
T r—» e " >
0 o
-

NzZalfa

Pitch-accel

I—b X-accel
Flight Control Demands

> >
dv

Initial 450 hvo

WVelocity
Vel @1 o= velon 5
Vel
WVelocity vs Time
Command
Cross Range o Heading Direction Control
Velocity (ftisec) nt
1
5
= : 4 chi Khi=0.02
; roll command
EOF oo -.1 Heading
l—_ Gl Direction Q
r2d
e
asin (Wor/v0) 3 _
) ) Heading Direction Kh=0.14
Command {deg)
-
chcom ps
@ »
= f state Surface feedback
Filt ( j > wia Kpr
MNyZbet
20
-3 b
My 5+20

Figure 1.4.6 Longitudinal and Lateral State-Feedback Control Laws for the Approach and Landing Phase
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250
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Figure 1.4.6b Altitude and Velocity Coordinated Commands versus Time used in the Simulation
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Simulation Results

Let us now use the linear simulation model for the Mach 0.4 case "Landing_Sim.Mdl" and command it
to track the coordinated altitude and velocity time histories of Figure (1.4.6). The lateral directions
are also excited at the same time by commanding a 10° change in the heading direction. At the same
time the model is also excited with a wind disturbance noise shown in Figure (1.4.8). This linear
model is used for a preliminary evaluation of the flight control system performance. A better
evaluation of the design will be obtained from the 6-dof non-linear simulation. Figure (1.4.7a) shows
the altitude and velocity response to the longitudinal commands. Figure (1.4.8) shows the heading

direction response to the 10° command.

Lifting Body VYehicle Near Landing Simulation, T=1840 sec
10000 , | , , ,

5000

000

Altitude (ft)

4000

2000

=10]

&00

440

400 —

Velocity (ftfsec)

350

200 | | | | | | |
] 10 20 30 40 a0 B0 70 a0
Time sec

Figure 1.4.7a Response of the Simulation model "*Landing_Sim.MdI"* to the Altitude and Velocity Commands

5-136



Aero-Surface Deflections (deg)
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Lifting Body YWehicle Mear Landing Simulation, T=1840 sec

20 T T T T T T

10 -

Wind Gust in {ft/sec)
8
T

]
]
T

_an 1 1 1 1 1 1

80

12 T T T T T T

e et ey = . —
10 —,

Flight Diraction (deg)

] 1 1 1 1 1 1
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Time sec

Lifting Body “ehicle Mear Landing Simulation, T=1840 sec
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40 T T T T T T
20 H
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Euler Angles, (deg)
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Figure 1.4.8 Lateral System Response to a 10 (deg) change in the heading direction
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Stability Analysis

Figure (1.4.9) shows the Simulink model "Stab_Anal.MdI" used for analyzing the stability margins in

the four control loops. This model is similar to the simulation "Simul_6dof.Md!" but it is configured

for open-loop analysis. One loop is opened at a time and the other three loops are closed (in the case

shown below the pitch loop is opened for analyzing pitch axis stability). The Matlab file "Frequ.m"

uses this model to calculate the frequency response across the opened loop.

Auto-Landing Stability Analysis Model (4 Control Loops)

Body to Stability
Axis Tranform P
Vehide Model Heading Contrl
phi {—————— - phi
psi——M[p=
stability
B b t
body rates
> rates W=
I 51
4P, dR) Wb - [dP.dR) |
N
- I—P y
Wer I Vior
thets —— Jw|theta
i gr——————g -1 out
(Tr—» M—(T
(8@, dv) dH{——————— o dH (A0, AV} ——— -
. Pitch Control Loop Opened
Roll, Yaw, and Ax acceler

a e[V Loops are Closed
1. I

Descent Control

Figure 1.4.9 Stability Analysis model "Stab_Anal.mdl" used for frequency response analysis
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Pitch Stability Analysis Velocity Control Loop Stability Analysis

Axial Veloc Loop Opened, Roll,Pitch and Yaw Loops are Closed

Pitch Loop Opened, Roll, Yaw, and Axial Loops are Closed
T T

: T T T T
s
200 =
kg
0 =
0
, 0 P -
System: sys
Gain (dB): 0.0944
& & Phase (deg): -916
3 i = Frequency (rad/sec). 1.38
c O c il
K System: sys. a8
2 Gain (dB): 0.258 g
5 Phase (deg): -90.1 3
& 0F Frequency (radisec): 13.6 B <
g‘ & 20 i
20+ g
30 -
30 4
Ty 4
a0l 4
S0m B o 1
! ! ! 1 ! !
-180 -132 -80 45 -180 -135 80 45
Open-Loop Phase (deg) Open-Loop Phase (deg)
Roll Loop Stability Analysis Yaw Loop Stability Analysis
Roll Loop Opened, Pitch, Yaw and Axial Loops are Closed ‘aw Loop Opened, Pitch, Roll and Axial Loops are Closad
T T T T T NF T T T T 3
20 =
0 -
- =
20 =
L e ECE Rt 4+
System: sys
Gain (dB): -0.0552
Phase (deg):-134 10F T
wk Frequency (radisec): 5.62 i
g g Gain & Phase Margins
= A B .
L = System: sys
2 201 - s Gain (dB): -0.0114
8 8 Phase (deg): 241
< TS Frequency (radisec): 5.86 4
-4 g
o o
30 -
20 =
40} 4
30 -
50 - -
401 4
£ g
! ! ! ! ! 50 1 L 1 L 1

135 180 225 270 315

Open-Loop Phase (deg)

405 -360 315 270 225 408

Open-Loop Phase (deg)

The above figures show the Nichols plots in the four controlled directions (roll, pitch, yaw, and
velocity control) for the Mach 0.4 case. The red lines show the phase and gain margins. The cross-
over frequency points are also highlighted.
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Robustness Analysis to Parameter Uncertainties

Structured singular value (SSV) or p-analysis is a very

powerful tool for analyzing robustness of the flight
control system with respect to structured uncertainties. S

We will, therefore, include p-analysis in this design 2 83
example. In the vehicle input data file "Land_MO0,4- 84

0.Inp" we have created a system with 60 structured S

uncertainties. Its title is "Lifting-Body Aircraft Landing
Phase (Robust Analysis with 60 Uncert)". Each

uncertainty is defined by an input/ output pair in
addition to the ordinary vehicle model inputs and M (S) -
outputs. The amount of uncertainty of each parameter

is defined in a separate data-set which is also located in

"Land_MO0,4_0.Inp". The data-set title is "Uncertainties at Mach=0.43, Alpha=10" and it is processed
by Flixan together with the vehicle data to generate the multi-input-output uncertainties state-space
model. The uncertainties model dynamically is the same as the simulation model with the exception
that it has a lot of additional inputs and output pairs, each pair representing one of the uncertainties,
thus allowing the uncertainties to be pulled out of the model in a separate A block, see figure. The
remaining block M(s) now represents the stabilized vehicle model with its control loops closed (not
shown). It is not uncertain because its uncertainties were pulled out and placed in the diagonal A
block. It is only connected to the uncertainties A block by the input and output vectors. We should
also mention that the closed-loop vehicle model M(s) should be stable and that it is also properly
scaled so that its diagonal A block now has elements that can only vary between t1. Robustness is
measured by calculating the SSV across the M(s) block and the closed-loop system cannot be
destabilized by any combination of the uncertainties, as long as u[M(jw)]<1, at all frequencies.

Separate p-analysis will be performed for the longitudinal and lateral directions. The dynamic model
with the 60 uncertainties is separated in two subsystems. The uncertainties were also separated into
longitudinal and lateral uncertainties. The longitudinal model has 28 uncertainties and its title is
"Lifting-Body Aircraft Near Landing, Pitch Robust Analysis (28 Uncs)". The lateral model has 32
uncertainties and its title is "Lifting-Body Aircraft Near Landing, Lateral Robust Analysis (32 Uncs)".
They are saved in files "pitch_unc.m" and "later_unc.m" respectively and used in the p-analysis. The
model separation is defined in "Land_MG0,4_0.Inp" and it is automatically executed when running the
batch set. Most of the uncertainties are rank-1, meaning that they create a single input/output pair.
The X-cg, however, affects both longitudinal and lateral models and it creates 3 input/output pairs.
The input/ output pairs must be separated carefully by observing the states with which they are
coupling. It seems that two X-cg uncertainty pairs are affecting the longitudinal states and one X-cg
pair affects the lateral states. The Y-cg is only affecting the lateral directions. The following two
models in Figure (1.4.10) are used to calculate the SSV of the longitudinal and lateral systems with the

5-141



control loops closed, and the next two figures show the longitudinal and lateral (green) vehicle blocks

in detail.
Auto-Landing Pitch Robustness Analysis
Uno
i —
LCH Vehice Model @
U
Descent Control
L |LUn thets —————————w|theta
q =0

T — T e )]

— (2, 4V} NV

Mz{t— Mz

Auto-Landing Lateral Robustness Analysis

Uno
Uni —*()
I:: ) Vehicle Model
Une Body to Stability
Axis Tranform
U phi }——— | phi
> P_s Heading Control
pr—————®pb (=
r_s1
e S L
(dP.dR)
p-|(dF. dR) Ny -y
Wer I |Vor

Figure 1.4.10 Simulink Models "*Pitch_Robust_Anal.MdI"* and *'Lateral_Robust_Anal.MdI** used in the p-analysis
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Re-Entry Vehicle Near Landing, Pitch Robustness Analysis

Inputs = 35
1 Left Elevon Deflection  {radians)
Right Elevon Deflection  {radians)

Vertical Rudder Deflection {radians)

Upper Left Body-Flap Deflection [radians)
Upper Right Body-Flap Deflection {radians)
Lower Left Body-Flap Deflection [radians)
Lower Right Body-Flap Deflection {radians)

== [ O T )

Mixing Matrix

Surface

Lifting-Body Airoraft

Outputs = 34

1

[= < I Sy R ]

Pitch Attitude [theta) {radians)
Pitch Rate  [g-body) rad/sec)
Angle of attadk, alfa, {radians)
Change in Altitude, delta-h, {feet]
Forward Accelerat (V-dot) (ft'sec)

Accelerom #32, (along Z), (ftlsech2)

theta

—p_®

_..@

dH

—*()
Int

—» 7]

Nz

Pitch & Axial {dQ, dv) Mear Landing,
Flight Contral C » m Pitch Robust Analysis
Acceleration (28 Uncs)
Demands sctuators Kmix from file pitch_uncm =
o | X = Ax+Bu w
™ y = Cx+Du l
Uni
% Cm_alpha: -55.808 % Variation ®—.
8 Ca_slpha: -83816 % Variation 7 Cm_slpha : -55.608 % Variation
10 Cz_slpha: -20.821 % Varistion 8 Ca_slpha: -82.818 % Variation
11 Cm_0 . -75.382 % Variation 8 Oz alpha: -20.821 % Variation
12 CZ _D : -10.832 % Variation 10 Cm_0 : -75.382 % Variation
13 Cm__q - B2 804 % Variation 11 CZ.0 : -10.833 % Variation
14 CA 71.590 % Varistion 12 Cm_g : -52.804 % Variation
15 |_\,; 4,819 % Varisticn 13 CA_D . 71.520 % Variation
16 Xog locat  -2.934 % Variation 14 Ly 4.619 % Varistion
17 Xog locat  -2.934 % Variation 15 Xoglocat  -2.934 % Variation
18 Ca_surf1: -148 128 % Variation 16 Xoglocat  -2.934 % Variation
19 Cz surf1: -88.207 % Variation 17 Ca_surf 1. -148.128 % Variation
20 Cm_ surf 1 -BF 745 % Variation 18 Cz_surf 1: -BE.207 % Variation
21 Ca_surf 2 -148.128 % Varistion 18 Cm_surf 1: -55.748 % Variaticn
22 Cz surf2: -B8.207 % Variation 20 Ca_surf2: -148.128 % Variation
23 Cm_suf2 -55746 % Variation 21 Cz_suf2: -86.207 % Variation
24 Ca_surf4: -109.953 % Varistion 22 Cm_surf2: -55748 % Variation
25 Oz surfd: -42.471 % Variation 23 Ca_surf 4: -109.953 % Variation
28 Cm_ surf 4 -157.762 % Varistion 24 Cz_suf4: -43.471 % Variation
27 Ca_suf5: -109.953 % Variation 25 Cm_surf & -157.782 % Variation
28 cz_surr 5 -43.471 % Variation 28 Ca_surdf 5: -109.952 % Variation
25 Cm_surf 5 -157.762 % Variation 27 Cz_surf5: -43.471 % Variation
0 Ca _s,_,,-f 8 44.037 % Varistion 28 Cm_surf 5 -157.762 % Variaticn
31 Cz_sufB -33.604 % Variation 29 Ca_surfB: 44,027 % Variation
az Cm_ surf & -B3.288 % Varistion 20 Cz suwf@: -2B8.804 % Varistion
33 Ca suf7: 44.027 % Varistion 31 Cm_surf & -53.292 % Variation
34 Cz_sufT: -38.804 % Varistion 32 Ca_suf7. 44037 % Variation
35 Cm_surf7: -52.288 % Varistion 32 Cz suf7: -28.804 % Varistion
- 34 Cm_surf 7: -53.258 % Variation

This figure shows the longitudinal vehicle block in the Simulink model "Pitch_Robust_Anal.MdI" used
for calculating the SSV in the longitudinal directions. It includes the longitudinal vehicle model with
the 28 uncertainties from file "pitch_unc.m". It includes also the effectors mixing matrix and
actuators. The pitch and axial acceleration controls are converted to 7 aero-surface deflections. The
inputs (Uni) and outputs (Uno) are theoretically connecting with the normalized uncertainty block A.
The SSV is calculated across those input and output vectors. They are labeled to show which
uncertainty they represent and also the percentage of each variation.
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Re-Entry Vehicle Near Landing, Lateral Robustness Analysis

Inputs = 39

1 Left Elevon Deflection  (radians)

2 Right Elevon Defledticn  {radians)

3  Wertical Rudder Deflection {radians)

4 Upper Left Body-Flap Deflection {radians)
5 Upper Right Body-Flap Deflection {radians)
G Lower Left Body-Flap Deflection {radians)
7 Lower Right Body-Flap Deflection {radians)

Roll & Yaw
Flight Cantrol
Demands

{dP, dR}

@—b— In  out

Uncertainties

W

€ =~ &b ©n

P B3 RI RI R R R
e

w

Cl_bets
Cn_beta

Cy_beta :

Cn_p
Cn_r
Clp

Cl_r

|

I_z=

¥og locat:
“og locat:
Cy_surf 1:
Cl_surf 1:
Cn_surf 1:
Cy_surf 2:
Cl_surf 2:
Cn_surf 2:
Cy_surf 3:
Cl_surf 3:
Cn_surf 3:
Cy_surf 4;
Cl_surf 4:
Cn_surf 4:
Cy_surf 5:
Cl_surf 5:
Cn_surf 5:
Cy_surf G:
Cl_surf 8:
Cn_surf &:
Cy_surf7:
Cl_surf 7:
Cn_surf 7:

actuators

-18.227 % Wariation
94 215 % Wariation
-79.218 % Variation
33.213 % Wariation

-10.081 % Variation

-18.577 % Variation

7489 % Variation

4,620 % Variation

4032 % Variation
-2.924 % Variation

0.5 Additive Variat.
119.180 % Variation
42 758 % Wariation
-75.811 % Variation

-119.180 % Variation

-42. 758 % Variation
75.811 % Variation
45,974 % Wariation

192.489 % Variation
-28.230 % Variation

-79.922 % Variation
44 558 % Wariation
272.282 % Variation
T5.823 % Wariation

-34. 556 % Variation

-372.283 % Variation
22.642 % Wariation
32.372 % Variation
-51.830 % Variation

-32.842 % Variation

-32.372 % Variation
51.830 % Variation

Surface
Mixing Matrix

Kmix

Cutputs = 38

[= S | JE U X

Roll Attitude {phi-123) (radians)
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Cross Range Velocity Vo) (ft'sec)
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Lifting-Body Aircraft
Mear Landing,
Lateral Robust Analysis
{32 Uncs)

from file later_unc.m

-0

® = Ax+Bu )

v = Cx+Du | Vior
Cl_beta : -18.327 % Varjgtion
Cn_beta : 94.215 % Variation
Cy_beta : -79.3159 % Wariation ey
Cn_p 33.213 % Variation
Cn_r -10.081 % Variation
Cl_p -16.577 % Variation )
Cl_r 7.489 % Variation @
| : 4830 % Variation Uno
I_zz 4032 % Varistion
¥eog locat:  -2.934 % Variation

Yog locat: 0.5 Additive Variation
Cy surf1: 112.180 % Variation

Cl_surf

1. 42.758 % Variation

Cn_surf1: -75.811 % Variation
Cy_swrf 2: -112.180 % Variation

Cl_surf 2: -42.758 % Varistion
Cn_surf2: 75811 % Variation
Cy surf3: 45974 % Variation
Cl_surf 3: 192.4858 % Variation

Cn_surf3: -28.230 % Variation

Cy_surf 4 -75.823 % Variation
Cl_surf 4: 44558 % Varistion

Cn_surf 4. 372283 % Variation
Cy_surf5: 79923 % Variation

Cl_surf

5: -44.558 % Variation

Cn_surf 5: -372.283 % Variation

Cy surf8: 33842 % Variation
Cl_surf §: 32.372 % Variation
Cn_surf9: -51.830 % Variation
Cy_surf 71 -33.842 % Variation
Cl_surf 7: -32.372 % Varistion

Cn_surf 7:

51.630 % Variation

This figure shows the lateral vehicle block in the Simulink model "Lateral_Robust_Anal.MdI" used for
calculating the SSV in the lateral directions. It includes the lateral vehicle model with the 32
uncertainties from file "later_unc.m". It includes also the effectors mixing matrix and actuators. The
roll and yaw acceleration controls are converted to 7 aero-surface deflections. The inputs (Uni) and
outputs (Uno) are theoretically connecting with the normalized uncertainty block A. The SSV is
calculated across those input and output vectors. They are labeled to show which uncertainty they
represent and also the percentage of each variation.
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%

% Uses Mu-Analysis to Calculate System Fobustness to Structured Uncertainties
dir=pi/180; r2d=180/pi:
Npw=28; Nlv=3Z:
[Apu,Bpu,Cpu,Dpu] = pitch unc:
[41u,EBlu,Clu,Dlu]l= later unc:
w=logspace (-2,2,500) :

Number of Param Variations
Pitch Vehicle Model with 28 Uncertaint
Later Vehicle Model with 32 Uncertaint

L

and Frequ domain analys{is

[Acp,Bep,Cep,Dep] =linmod ('Fitch Pobust Anal');
sy3=33 (Acp, Bop, Cop, Dep)

sysf= FRD(svy3,W);

blk=[-ones (lpv,1l), zeros(Npv,1)1]:
[bnd,muinfo] = mussv(sysL, blk);

ff= get (muinfo.bnds, 'frequency'):
muu=get (muinfo.bnds, 'responsedatca’):
muu=soquesze (muu) ;

muu=muu (1, :);

figure (1)

loglogiff,muu, 'LinsWidth',1.5)
xlabel (' Frequency (rad/sec)')
vlabel|'ssv')

Title('Pitch Mu Analysis')

The above script file "robust.m" calculates the SSV frequency response of the pitch M(s) system with
the control loops closed, as shown in the pitch p-analysis model "Pitch_Robust_Anal.MdI". A similar
script calculates the SSV frequency response for the lateral M(s) system using the lateral p-analysis
model "Lateral_Robust_Anal.Mdl". The p-analysis results shown in the next two figures indicate that
the control system is robust to the structured uncertainties defined because u<1 at all frequencies in
both the longitudinal and in the lateral directions. It means that there is no combination of
uncertainties within the specified limits that will be able to destabilize the systems.
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Alternate Longitudinal Design

The longitudinal control design for the approach and landing phase, described above in Figure (1.4.6), has an
implementation problem and it was replaced with an alternate design in the simulation. Although it is
technically superior because it includes the phugoid states in the longitudinal LQR design plant consisting of
velocity and altitude and, therefore, they are directly attenuated by the state-feedback. In addition, it allows
the altitude and velocity states to be controlled by altitude and velocity commands directly from guidance.
However, the structure of this control design is considerably different from the previous three control modes
that do not include altitude and velocity feedback and the transition to this control law from the previous
control mode is not easy to achieve without exciting transients in the state-vector. An alternate design that
controls altitude by pitching the aircraft via an Nz-command was implemented in the simulation instead, see
Figure (1.4.11). A second loop controls the aircraft speed by modulating the speed-brake opening about its
partially opened position as a function of velocity error. This alternate controller is analyzed in directory
"C:\Flixan\Trim\Examples\Lifting-Body Aircraft\Reentry from Space\Mat_Anal\Mch_0.4_nz". It maintains the
original state-feedback structure of the Nz-control mode which makes it easier to transition from this mode.
The Nz-command, however, is obtained by combining altitude error and altitude rate signals. A lead-lag filter is
also included to improve stability and to attenuate the phugoid oscillation. From the linear analysis point of
view the previous design was superior because the controller was designed based on a plant model that
includes the phugoid states. However, this design also works, and it was easier to implement in the simulation
which is described in detail in the next section (1.5).

Initial Altitude HO

Longitudinal Descent Control System

Altitude vs Time
Command

Filt Anti-Fhugoid
) »i> i ElY 5081 theta

kh theta

Altitude Control Loop by Nz-comd

" 230 ol O Pitch
Nz_cmd q State-Feedback
Er—»e> =
hdet khd y Int
o > »[E
Nz Mz2alfa

v Speed-Brake Control Loop

Vl:li;i:i} . n b Int1
[ (e - =

selon
velon =

hd
+

Vell

Velocity vs Time
Command

Figure 1.4.11 Alternate Longitudinal Controller for the Approach and Landing Mode Used in the 6-dof Simulation
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1.5 Six-dof Non-Linear Simulation

The entire re-entry design will now be demonstrated by means of a six-degrees-of-freedom (6-dof)
simulation in Matlab/ Simulink. The simulation begins shortly after the de-orbit maneuver when the
vehicle is oriented at an a=30°, and it completes 1900 seconds later when the vehicle successfully
lands on the runway. The guidance and control system maneuver the aircraft through various phases
by employing four types of control modes that achieve different performance goals during each
phase. The simulation is located in folder "C:\Flixan\ Trim\Examples\ Lifting-Body Aircraft\Reentry
from Space\ Simulations 6-dof\Re-Entry Simulation (6-dof) -HV Track" and the Simulink model is
"Reentry-6dof-Sim.Mdl", shown in Figure (1.5.1). The environment subsystem block is shown in detail
in Figure (1.5.2). The block in Figure (1.5.3) calculates the angles of attack, sideslip, dynamic pressure,
and Mach number from the velocity vector (x, y, z). The blocks in Figure (1.5.4 through 1.5.7)
calculate the aerodynamic forces and moments on the vehicle as a function of the aerodynamic
coefficients, Mach number, the angles of attack and sideslip, and the aero-surface deflections.

Lifting-Body Aircraft 6-dof Non-Linear Simulation
(from de-orbit to landing)

Forces and Moments BDoF (Euler Angles)

Asrodynamic
Flight Control Coefficients W (ftis)
delts =M \delta=
Hg ()
]
=g Incid GCoeff e |Coeff N s, F,q.z {I6f) Body
kL Euler Angles 8w (rad)
—= | Mach
DCMDE
Fixed W, (ft's)
Mass
@ (radis)
- | zbar LMn - MIT-’- {Iof-ft)
deidt
A (s
Envircnment Meodels
Alphs,Beta,Mach Fg omgd
Speed of Sound Speed of Sound Ve
iqbar
Wind Velocity Wind Velocity e
Air Density Air Density Eusler
Mach
Wind Angular Rates Wind Angulsr Rates DCMm
Vb
Incid

P.g.r

Figure 4.5.1 Simulation Model "Reentry_6dof_Sim.MdI"
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Figure 1.5.3 Angles of Attack, Sideslip and Mach Number calculations
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Moments and Forces due to the Aerodynamics

Aero-Forcoes
Faem
—
Force
#ero coefficients —FE

(CX.CY.C2.C1,Cm.Cn)
@ (o= XYZ
Coeff anq - @
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@ b Force —= Acc Acceler

. T »lec —»’ —%Z

Center of Gravity Mm .,@ Mz

plus Variaticn . b ref0z ref] | »lcr LIN -—l- u
[*_cg. y_og. z_cg] gz Nz
Mements Reference Center Asrodynamic —p@

(MRC} in {fest) Forces and Moments Moments
[, Fy. Fz), {Lec, My, Mz}

Figure 1.5.4 The Aerodynamic Forces and Moments are functions of the Dynamic Pressure, the Aero-Coefficients, and
the CG location relative to the Moments Reference Center.
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Figure 1.5.5 The Aerodynamic Coefficients consist of Base Body coefficients plus Increments due to Surface Deflections,
and they are functions of the Angles of Attack and Sideslip (deg), Mach number, and Surface Deflections (deg).

5-151



albet

Mach Lockup

u K

Mach

¥

TE

=1
3-D Tk
=1
2
»0
|2 Py
P23
(2
Cx
(51
it 3-D Tikf
—»
i
e =
Ll = Fa=T]
Ly
=52
=2 »
CY
=1
il 1]
o 3-D TiEf > E
Ll
CZ
I
bl I
Ll
-
|
Ll
! 9
|
7 Coeff
(51 >
3-D Tkf
|1 )
Cl
P2
=
2
P (2 |
|2
=1
. 3-D Tikf)
L —b.
-
I
Ll
T
L
|
Ll
Cm
=1
3-D Tk
=1
Cn
2
o=
2
P23
P2
Cn

Figure 1.5.6 Base Aero Coefficients {CA, CY, CZ, Cl, Cm, Cn} are functions of: Alpha, Beta, and Mach Number
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Flight Control System

Figure 1.5.8 shows the flight control system in top-level form. The longitudinal and the lateral control
laws are two separate blocks generating the deflection commands to the control surfaces. They are
state-feedback designs operating in different modes, as already described in the control design
sections. Control gain designs and linear analysis were performed at specific Mach numbers and the
gains are interpolated in between Mach. The analysis files are located in separate folders under
"C:\Flixan\Trim\Examples\Lifting-Body Aircraft\Reentry from Space\Mat_Anal", as shown below. The
7 aero-surfaces are shared by both controllers and the deflection command signals from the
longitudinal and lateral blocks are combined before being applied to the surface actuators. For
simplicity the sensor feedback signals are not shown in the simulation blocks.

Guidance Commands and
Flight Control System Mch_0.4 _sb
Mch_0.5
Mech_0.5_sb
T Aero-Surface Mch 0.7
Deflections -
Mch_0.9
Lzz= F@ (T ) Mch_1.1
deltas
Mch_2
Fitch Flight Contral Mch_4
Mch_5
Mch_7
Deltas Mch_10
Mch_20
Lateral Flight Control Mch_27

Figure 1.5.8 Flight Control System

Pitch Flight Control System

The longitudinal control law is shown in more detail in Figure 1.5.9. It consists of a state-feedback
gain matrix Kgq converting {y, y-integral, g, a, a-integral, Nz, and Nz-integral} error signals to pitch
commands. The pitch flight control law is implemented in Matlab function "Pitch_FCS.m", see Figure
1.5.10, which converts the pitch state-feedback to surface deflections and also interpolates the gains
between the design cases which are at different Mach numbers. It includes also and interpolates the
mixing-logic matrix Kmix that is also calculated at different Mach numbers. Notice that not all of the
state variables are feeding-back simultaneously but some of the gains in the state-feedback matrix Kq
are set to zero depending on which mode the pitch flight control system is operating. This type of
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implementation allows an easier transitioning between the four control modes, which are: a-control,
Nz-control, y-control, and altitude/ velocity control.

Longitudinal Control System H o
. P
Pitch State-Feedback

{rad)

[a —» Flight Control Gains
- Interpolation
rag’s
+

B
- alfer %-pich L Deltas
a2 g b, b ()
p MATLAB H
Alpha_cmd { 14 h L
| Bl e
d2r slfin Fitch_FCB.m control
mode
Gamma_cmd -—b— »

intgri

Guidance Commands ]

1801.8 sec —»|nzz nzi

Mach Min min
{deg) lMach
ftis2 20 nzer
[ 2 =
530 .
Terminal
WNZAfiltr Guidance
. Commands
5 K £
] Landing ] g 1801.8 seconds
E E Switch Altitude I 2 Velocity
Nz C ) L Control Control
ENZ_:IT-: Nz_cmd hr=f e deltzz

Figure 1.5.9 Longitudinal Control Law consists of State-Feedback and Open-Loop Guidance Commands

Guidance in the simulation is implemented by means of open-loop commands which attempt to
control the angle of attack, flight-path angle, normal acceleration, altitude and speed, in different
time periods along the descent flight depending on the operating mode. Initially, the first pitch
control mode regulates alpha by commanding it at 30°. This angle is gradually reduced as it
transitions to the second mode which controls the normal acceleration (Nz) to a pre-scheduled value.
Later on it transitions to the gamma-control mode which controls the vehicle flight-path angle. Finally
the flight-control system transitions to the approach and landing mode that controls altitude
indirectly by applying Nz commands as a function of altitude error. It controls also velocity by
modulating the speed-brake opening. This indirect altitude control law (via Nz-command) in the
approach and landing mode was preferred, over the direct altitude and velocity state-feedback law
described earlier, because it is easier to transition from the previous gamma-control mode. Figure
(1.5.11) shows the altitude and velocity control systems in detail. It produces an Nz-command as a
function of altitude error and altitude rate. A lead-lag filter was added to attenuate the phugoid
mode resonance. A final-flare open-loop command is introduced to maximize the vehicle angle of
attack during the final 50 (ft) of altitude before landing. Velocity control operates for a brief period of
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65 sec during the shallow glide by modulating the opening and closing of the speed-brake. It occurs at
approximately 110 to 45 sec before landing.

&unctinn Dgpr= Fitch FC5(ul, mach, mni)

% Implements the Pitch State-Feedback Control Laws

% ul are the pitch state-feedback variables [gamma,ganmma int,q,alfa,alfa-int,Nz,Nz in
global Eg Fmix rid

Ia=intB8(2); IaZ=int8(3); da=0:

mnch=min imach,mni) ;

% Design Machs: [25, 20, 15, 10, 5, 4, 3, 2, 1.1, 0.8, 0.7, 0.4]

if {mnch>=25) , Im=int8 (1) ; ImZ=TIm; g=1; dmw=0;

elseif (mnch>=20) & (mnch<ii5), Im=int8(2) ; ImZ=int38(1); o=2; dmw=i{mnch-20)/5;
elseif (mnch>=18) & (mnch<zZ0), Im=int3(3) : ImZ=inc8(2); o=3; dm= (mnch-18) /2;
elseif (mnch>=17) & (mnch<18), Im=int3 (4] : ImZ2=1int8(3); oq=4; dm= (mnch-17) /1;
zlgsif (mnch>=1&) & (mnch<17), Im=int8i(5):; ImZ2=int8(4):; g=5; dmw=i{mnch-1&)/1;
elseif (mnch>=15) & (mnch<1g), Im=intB (&) ; ImZ=int8(5); og=&; dmw={mnch-15)/1;
elseif (mnch>=14) & (mnch<15), Im=int8(7) ; ImZ=int8(&); g=7; dm=(mnch-14)/1;
elseif (mnch>=13) & (mnch<143), Im=int8(8) ; ImZ=intd(7); o=8; dmw=i{mnch-13)/1;
elseif (mnch»>=12) & (mnch<13), Im=intcd (9) : ImZ=inc8(8); o=9; dm= (mnch-12) /1;
elseif (mnch>=11) & (mnch<1Z), Im=int8(10); ImZ=int38(%); g=10; dm=(mnch-11)/1;
zlgsif (mnch>=10) & (mnch<1l), Im=int8il1ll); Im2=int8(10):g=11; dmw=i{mnch-10)/1;
elseif (mnch>= 9) & (mnch<10), Im=int8({12); ImZ=int38(11);q=12; dm={mnch- 2)/1;
e2lseif (mnch>= 8) & (mnch< 2), Im=int8(13); ImZ=int8(12):g=13; dmw= (mnch- 8)/1:
elseif (mnch>= 7) & (mnch< 8), Im=intg8i{14); ImZ=int8(1l3):g=14; dmw=(mnch- 7)/1:
elseif (mnch»>= &) & (mnch< 7)., Im=int8(15); ImZ=int3(l1l4);g=15; dm=(mnch- &)/1;
elseif (mnch>= 5) & (mnch< &), Im=int8(1&); ImZ=int38(15);g=1&; dm=(mnch- 5)/1;
zlgsif (mnch>= 4) & (mnch< 5), Im=int8i(17):; Im2=int8(1&):q=17; dmw=i{mnch- 4)/1;
elseif (mnch>= 3) & (mnch< 4), Im=int8({18); ImZ=int38(17);:;q=18; dm=({mnch- 3)/1;
e2lseif (mnch>=2.5) & (mnch< 3), Im=int8(18); ImZ=int8(18):g=1%9; dmw= (mnch-2.5)/0.5;
2lZeif (mnch>=2.0)& (mnch<2.5), Im=int8(2Z0); ImZ=int8(1%9):g=20; dm=(mnch-2.0)/0.5;
elseif (mnch>=1.5)& (mnch<2.0), Im=int8(21); ImZ=intc8(20);qg=21; dm=(mnch-1.5)/0.5;
elseif (mnch>=1.0)& (mnch<1.5), Im=int8(22); ImZ2=int8(21);q=22; dm=i(mnch-1.0)/0.5;
zlgsif (mnch>=0.71) & (mnch<1.0), Im=int8(23); ImZ2=int8(22):g=23; dmw=i{mnch-0.71)/0.29;
elseif (mnch>=0.5%9) & (mnch<0.71), Im=int8{24); Im2=int8(23):0=24; dw=(mnch-0.5%)/0.12;
2lseif (mnch>=0.4%2) & (mnch<0.59) , Im=int8(25); ImZ2=int8(24);g=25; dmw= (mnch-0.4%)/0.10;
elseif (mnch< 0.49), Im=inc8{2&) ;s ImZ=Im; g=2&; dm=0;

end

% Calculate Surface Deflections due to pitch state-feedback ul

deol= —-Fmix(:,2,Im) *(Egq(:,:,Ia, Im) *ul); % deflects at nominal (Ia, Im)
dgZ= -Fmix(:,2,Im) *(Kg(:,:,IaZ,Im) *ul); %.. deflects at next (IaZ, Im)
do3i= —Fmix(:,2,Im2)*(Egq(:,:,Ia, Im2)*ul); %.. defleccs at prev (Ia, Im2)
dog= dgl + (dgZ2 - dogl) *da + (dgd - dol) *cdm; % Interpolate deflects
delta= dg*rid; .. deflects in (deqg)
Dogpr=[delta; q:mnch]:

Figure 1.5.10 Pitch Flight Control Law converts the longitudinal state-vector to surface deflection commands. It also
interpolates between the design cases
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Figure 1.5.11 Altitude and Velocity Control Systems
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Lateral Flight Control System

The lateral flight control system is shown in detail in Figure 1.5.12. This is also a state-feedback law
converting the states which are: {roll and yaw stability axis rates (about the velocity vector), 3, ¢, B-
integral} to deflections for the 7 aero-surfaces. It also has two operating modes. During the first mode
the bank angle (¢) is directly commanded open-loop, and in the second mode which is applicable
prior to landing the heading direction is indirectly controlled by roll commands. The direction errors
become roll commands. Notice that the rates are measured in the body axes and they are converted
to stability axes as a function of the angle of attack. This reduces the sideslip angle and lateral loads
when the vehicle performs roll maneuvers. A turn-coordination block is also included prior to the
state-feedback. It commands a yaw rate as a function of the bank angle (¢) according to the equation:
Rsr = Viosin @. It uses a gravity component to counteract the centripetal side-force due to turning.

Notice also that the lateral state-feedback gains were designed using lateral plant models that have
their output rates defined in the stability axis, and the turn-coordination logic included in the vehicle
dynamic model (by means of flags set in the vehicle input data). It means that the gains know that the
rates are in stability axis and the turn-coordination logic is included.

Body to Stability
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Lateral Axis Tranform
Flight Control [:}————*mb ps >
rad/s
System o el i Flight Control Gains
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Figure 1.5.12 Lateral Flight Control System
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function Dgpr= Lateral FC3(uZ, mach)

% Implements Lateral State-Feedback Control Laws

% uZ is the lateral state-feedback wvariables [phi,p,r,beta,phi-integr]
global Epr Elmix rad

Ia=int8(2); IaZ=int8(3); da=0:

% Design dachs: [¢5, 20, 15, 10, 5, 4, 2, 1.1, 0.7, 0O.5&, 0.48]
if (mach»>=25]), Im=intd (1) ImZ=Im; g=1; dm=0;
{mach<25) , Im=int8(2) ; ImZ=intS(1); og=2; dm=imach-20)/5;

1

elseif (mach>=20) 2
{mach<20) , Im=int8(3) ImZ=int&(2);: ogq=3; dmw=imach-15)/5;

=4

5

elseif (mach>=15)
elseif (mach:>=10) {mach<15), Im=int8(4):; ImZ=int8(3): ;  dmw=({mach-10) /5:
{mach<10) , Im=int8(5) : ImZ=intd(4); g=5; dmw=(mach-05)/5;
imach< 5), Im=intB8(&):; ImZ=int8(5); g=£; dmw=(mach-04)/1;
{mach< 4, Im=int8(7) : ImZ=int8 (&) ; g=7:; dmwm=(mach-02)/2;
elseif (mach>= 1) & (mach< 2], Im=int8(3) ImZ=int8(7); og=8:; dm=imach-01)/1;
elseif (mach>=0.72)& (mach<l1.0), Im=int8(%9): ImZ=int8(8); g=%:; dmw=(mwach-0.72)/0.28;
2lssif (mach>=0.5&) & (mach<0.72), Im=int8(10); ImZ=int8(9):; g=10; dmw=(mach-0.5&),/0.1&;
elseif (mach>=0.48) & (mach<0.5&),Im=int3(11); ImZ2=intd{10):;q=11; dmw= (mwach-0.48)/0.08;
elseif (mach< 0.48), Im=int8(12); ImZ=Im; g=12; dm=0;

end

elseif (mach>= 5)
elseif (mach>= 4)

[= TR T - T = R o T -

elseif (mach>= 2|

%

% Calculate Surface Deflections dus to lateral state-feedback ul

dpril= -Elmix{:,:,Im) *Epri{:,:,Ia, Im) *u; %.. deflects at nominal (Ia, Im)
dprZ= -EKlmix{:,:,Im) *Epri{:,:,Ia2, Im) *u; %.. deflects at (Ia2,Im)
dpr3= -Elmix{:,:,Im2) *Epr(:,:,Ia,Im2) *ui; %.. deflects at (Ia, Im2)
dpr=dprl + (dprZ-dprl)*da + (dpr3-dprl) *dm; 5. Interpolate deflects

delta= dpr*rid;
Dogpr=[delta; g:q]:

Figure 1.5.14 Lateral Flight Control Law converts the lateral state-vector to surface deflection commands. It also
interpolates between the design cases which are fewer than the longitudinal cases
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The aero-surface actuators do not only receive deflection commands from the flight control system
but the surface positions are pre-scheduled open-loop as shown in Figure (1.5.15). The aero-surface
trim positions were obtained from the trim analysis performed earlier along the preliminary
trajectory as already described in previous sections.

Elevon Trims

Left Elev -
Surface Open-Loop Trim Commands Right Elev >
and Closed-Loop Flight Control System
[* F—*
Flight rudder
Control Deflection
- Limits Up-Left BF | 1
Trim
deltzs — P | O
: ; ‘ Up Right BF -
delta
Lo-Left BF -
Trimn ;
Le-Right BF -
Trim Cmds Body-Flap Trims
Preset Surface Positions for Trimming
Lifting-Body Aircraft Mon-Linear 6-dof Simulation
40 F T T T T T T T T T =
Lower Body-Flaps
ar-e set 'tl:.| 35 deg to Speed-Brake is
trim vehicle at Left Elevon -
loha = 30 d Partially Deployed
alpha = € Rght Elevon for Speed Control
El Rudder [ | N
UL Bflap
UR Bflap
LL Bflap
20r LR Bflap N
g
k=J Elevons
2 10| ] -
o
c
=L
E
= L
8 ’ \\ |
.g —
3
’ ﬁ/‘/x/
A0k \ o
Upper Body-Flaps
20 — -
I 1 I I I I 1 I I
200 400 600 800 1000 1200 1400 1600 1800
Time sec

Figure 1.5.15 Aero-Surface Scheduling is based on previous Trim Analysis

5-160



Simulation Analysis

Major Events: The following figure shows the altitude variation versus time and highlights the control
modes and major events. The simulation begins at an altitude of 250,000 (feet) above ground where
it enters the atmosphere with a shallow negative (y) and it rolls a couple of times to drop altitude and
avoid skipping back up into space. The flight control system operation begins in the alpha-control
mode where the aircraft is trimmed to maintain a 29.5° angle of attack which optimizes heat
protection during this period. Alpha is reduced further down and the control mode transitions to Nz-
control where it maintains a comfortable and almost constant Nz acceleration for a long period.

Altitude, {ft)

Control Modes and Events as a Function of Altitude and Time

E

Lifting-Body Aircraft Mon-Linear 6-dof Simulation

* 107
25 T R T T T T T T T T
Atmospheric Entry
Alpha
Control
Altitude
oL drop due _
to rolling
Normal
Acceleration
MNz-Control
16+ 1
Flight-Path
Angle
Control
1 [ —
Steep
Glide-Slope
First
Flare
0.5 Heading / / N
Alignment
with Runway Altitude/|
Velocity
Shallow Control
Glide-Slope Final Flare
0 I | I | I | I I I A Landing
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time sec
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The flight-path guidance is then turned on at about t=1400 sec to regulate the vehicle rate of descent
towards the landing site by controlling y. In the simulation guidance is implemented with an open-
loop y-command. The y angle is then further reduced in order to maintain sufficient speed for
landing. At approximately 50,000 (feet) it rolls again in order to correct its heading and to align its
direction with the runway. This figure shows the speed versus time. The speed is steadily decreasing
throughout descent and it is maintained constant at around 450 (feet/sec) during the final 35,000
(feet) of altitude by diving to reduce the glide slope. This high speed is required in order to perform
the final flare before touch-down. In the final 1000 (feet) of altitude gamma begins to come up and at
approximately 50 (feet) before touch down it performs the final-flare and lands with a=13°.

<10 Litting-Body Aircraft Non-Linear 6-dof Simulation
2-5 I I I I I I I I I
2 -
The speed is steadily
decreasing during most
of the trajectory
Ty 161 -
bt
n
£
=y
o
o
[
- 1 .
It is maintained constant
05 at approx. 450 (ft/sec)
= during the final 35,000 (ft) |
0 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time sec
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Lifting-Body Aircraft Non-Linear 6-dof Simulation
30 T T | | | | T T

Mach #

0 I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

400 | |

350

300

250

200

150

100

Dynamic Pressure (PSF)

50

0 | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time sec

The figure above shows the variation of the Mach number and dynamic pressure as a function of
time. It begins at Mach 27.5 and lands at Mach 0.4. The maximum dynamic pressure is 370 (psf) and it
occurs during the heading alignment turn.
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Roll Maneuver: The following figure shows the body rates during the early re-entry roll maneuver
where the vehicle rolls about the velocity vector in order to reduce sideslip and lateral loads. The
rotation produces similar and proportional rates in both roll and yaw.

Lifting-Body Aircraft Mon-Linear 6-dof Simulation

I I I I
12 P
B During the Roll Maneuver the vehicle I
rotates about the velocity vector V0 to —q
minimize sideslip so the rates are in
0 both Roll and Yaw —_— ]
8_ —
E_ —
()
o
L
[=] 4+ —
@
=
w
@
- -
14
>
3
m 0 Uh
gl _
4 -
6 _
S | | | | ]
0 50 100 150 200
Time sec
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Control Modes: This figure shows the vehicle accelerations versus time along x, y, and z and
highlights the four control modes. The normal acceleration reaches a maximum value of little above 2
g in the beginning of atmospheric entry during the period of alpha-control and it stabilizes at
approximately 1 g during the Nz-control mode. The large surface deflections occurring at t=1550 sec
during heading alignment maneuver cause a short transient in the accelerations. The normal
acceleration (red line) briefly increases during the heading alignment turn. The magnitude of the axial
deceleration (blue line) increases due to drag during the steep glide-slope dive. The normal
acceleration finally peaks again before landing during the final flare.

0 Lifting-Body Aircraft Non-Linear 6-dof Simulation —_— A
l l I l l
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I — Az
U ' | -
A0k -
bE 20
e 20 -
=3
N
>
> 18 |
< N
2
®
o
i
g AR —
<L
sl Gamma Control -
Nz Control
S0 -
Altitude/
Alpha Control Velocity
Control
70 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time sec
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Angles of Attack, Sideslip, and Flight-Path: This figure shows the angles of attack, sideslip, and flight-
path as a function of time. The angle of attack begins at 29.5 (deg) in the alpha-control mode and it is
gradually reduced to smaller values during the Nz-control period and further. It is approximately 13°
at landing, after the final flare where gamma becomes to zero. The flight-path angle vy is initially
slightly negative to optimize the atmospheric friction and heating on the vehicle. Then it comes down
steeper and briefly exceeds -50° in order to maintain high velocity for the landing flare that brings
gamma to zero just before landing. There is a low frequency phugoid oscillation for about 1 minute
during the steep glide which is attenuated further down and it does not affect landing. The sideslip
angle is close to zero throughout. The small B-transients occur during the roll maneuvers

Lifting-Body Aircraft Mon-Linear 6-dof Simulation
| | T | | | |

30

Final Pitch-Up Flare brings
the flight-path angle to zero

just before touch-down
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overheating

20

0 ™ |
J v T

A
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A0 prevent the aircraft from |
overheating

20k i

a0k i

Flight-Path, Alpha, Beta Angles {deg)

A Steep Dive is required
prior to landing to

A0 maintain sufficient speed in
— Alpha order to be able to perform \

the final pitch-up flare

Gamma

Beta

E0

50 | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time sec
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Aerosurface Deflections: This figure shows the aero-surface deflections as a function of time. They
consist of two components: scheduled trim commands based on previous trim analysis shown in
shown in Figure 1.5.15, and deflection commands generated by the flight control system. It shows the
Rudder and the differential Elevon deflections performing the two roll maneuvers. The upper body-
flaps are also used in the roll heading alignment maneuver. Notice that the body-flaps are not only
used for trimming but they also assist the elevons and rudder in controlling the vehicle.

Surface Deflections (Control + Trim)
Lifting-Body Aircraft Non-Linear 6-dof Simulation
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Speed-Brake: This figure shows the velocity control function by means of modulating the speed-
brake, which takes place a couple of minutes before landing and it lasts approximately 70 seconds.
The speed-brake operates by differentially deflecting the upper and lower body-flaps. During this
period the speed-brake is partially opened (trimmed) at approximately 30° for the lower flaps and -
20° for the upper flaps. The additional opening and closing of the upper and lower flaps is adjusted as
shown by the velocity control system that attempts to control the vehicle speed by adjusting the
deceleration. The ratio of upper to lower body-flap deflections is determined by the surface mixing-
logic. The velocity command in this simulation is scheduled from a look-up table. The speed-brake is
given enough time to regulate the landing speed and it closes about a minute before landing in order
to maximize the accuracy and performance of the altitude control system.

Surface Deflections (Control + Trim)

Lifting-Body Aircraft Mon-Linear 6-dof Simulation

T T T T T T T T
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Heading Alignment Maneuver: This figure shows the Euler angles as a function of time. It
demonstrates mainly the second roll maneuver that aligns the direction of the vehicle with the
runway. The maneuver is performed by the heading alignment control system, shown in Figure
(1.5.12), which applies a roll command proportional to the alignment error. The red line is the
heading angle which is approximately 1.9° after the first roll maneuver. It is modified to -70° after the
second roll maneuver to align the heading of the aircraft with the runway. The blue line shows the
roll angle ¢ which reaches a peak value of -40° during the maneuver. The green curve is the pitch
attitude 6 that comes down to -20° during the steep dive, but it goes up after the flare and reaches
13° before touch down.
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Downrange versus Crossrange: This figure shows the downrange versus crossrange vehicle positions
beginning from atmospheric reentry all the way to landing. The first roll maneuver which occurs
during early reentry points the aircraft heading direction towards the landing site. The second
maneuver which occurs near the end of flight further adjusts the heading and aligns the aircraft with
the runway before landing.

Lifting-Body Aircraft Non-Linear 6-dof Simulation
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Final Flare and Landing: This figure shows the
altitude versus time during the final 25 seconds of
flight where the vehicle performs its pitch up flare
and lands. It shows that the direction of the
velocity becomes horizontal (y=0°) after the flare
which occurs approximately 50 (feet) above the
ground. The success of the flare depends on the
landing speed which should be maintained higher
than 350 (feet/sec) before pitching up. Ground
effects were not included in the simulation.
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Aero Data

The aero-data plotting utility is very useful for viewing the aero coefficients as a function of Mach
number, alpha, and surface deflection. It is the first option that can be selected from the Trim main
menu, as shown below. The following dialog selects the vehicle mass, a Mach number, an angle of
attack, and an angle of sideslip (typically zero ). The mass is used for transferring the aero moments
from the MRC to the corresponding CG. The next menu is used for selecting the type of aero-data to
plot, which is, basic aero coefficients and derivatives, and the aero-surface coefficients plus

derivatives.

Select one of the following options

1
2
3
4
5.
[i]
7
a
9

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"
. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time
. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

,
e

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below
and click "Select"

Select

Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)
52745 0.6000 0.00
773.29 0.1000 1.00 - |-5.00
700.31 0.3000 2.00 0.00
534.16 3.00 E| 5.00
0.8000 4.00

0.9000 5.00

0.9500 6.00

1100

1.200 8.00

1.600 9.00 -
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” ———————
Plot Aero Coefficients and Deriuaﬁves‘

Plot the Pitch or Lateral Aero Coefficients and Derivatives
Versus the Angles of Attack, Sideslip, or Surface Deflection in Ok Exit
(degrees)

Basic Pitch Aero Coefficients Versus Alpha

Basic Lateral Aero Coefficients Versus Beta

Basic Pitch Aero Derivatives Versus Alpha

Basic Lateral Aero Derivatives Versus Beta

Pitch Control Surface Coefficients versus Surface Deflection
Lateral Control Surface Coefficients versus Surface Deflection
Pitch Control Surface Derivatives versus Surface Deflection
Lateral Control Surface Derivatives versus Surface Deflection

The figures in the next few pages provide the following information regarding the basic vehicle
aerodynamic properties as a function of Mach number, alpha, and beta, and also the effectiveness of
its aero-surfaces.

e Figures (5.1) and (5.2) show the longitudinal and lateral basic aero coefficients and their
derivatives with respect to alpha and beta respectively. They are shown at five different Mach
numbers.

e Figures (5.3) and (5.4) show the longitudinal and lateral aero-surface increments and their
derivatives for the left elevon. The right elevon is identical in pitch and anti-symmetric in
lateral, see Figure (5.5).

e Figures (5.6) and (5.7) show similar longitudinal results for the upper-left and the lower right
body-flaps. The body-flaps on the other side are identical in pitch, and anti-symmetric in
lateral as shown in figures (5.10) and (5.11).

e Figure (5.8) shows the lateral increments and derivatives for the vertical rudder. It has perfect
symmetry about zero. Notice how the rolling moment changes with Mach number. It
completely reverses direction in the transonic region.

e Figures (5.9) and (5.10) show the lateral increments and derivatives for the upper-left and the
upper-right body-flaps. They seem to be complementing each other in roll and yaw. The body-
flaps on the right-hand side are anti-symmetrically similar.
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Figure 5.1 Longitudinal Basic Aero Coefficients and their Derivatives with respect to Alpha
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Lateral Force Coefficient, Cy
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Figure 5.2 Lateral Basic Aero Coefficients and their Derivatives with respect to Beta



Pitching Moment Increment, Cm(d)
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Figure 5.3 Left Elevon Aero-Surface Pitch Increments and Derivatives



Side Force Increment, Cy(d)
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Figure 5.4 Left Elevon Aero-Surface Lateral Increments and Derivatives
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Pitching Moment Increment, Cm(d)
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Figure 5.10 Lateral Increments and Derivatives for the Lower-Left Body-Flap
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Figure 5.11 Lateral Increments and Derivatives for the Lower-Right Body-Flap
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2.0 Vertical Launch

This vehicle is also capable of taking off vertically like a launch vehicle by using its
two 18,000 (Ib) TVC engines which are also capable of varying their thrusts and
regulating the vehicle speed by a closed-loop throttle control system. During
boosting all vehicle effectors: engines and aerosurfaces, are used for trimming as
well as flight control. This is a good example for demonstrating how aero-
surfaces, TVC, and throttling are combined together to control the vehicle in
multiple directions. The trajectory used in this analysis is separated in two
sections, the boost phase where the engines are active, and the descent phase
where the unpowered vehicle glides back to land on the runway. Similar to the
reentry trajectory we will analyze both phases separately by trimming the
effectors, analyzing static performance and controllability using contour plots
and vector diagrams. We will also use Flixan to generate dynamic models at
selected flight conditions, perform flight control designs, simulate and analyze
stability in Matlab.

2.1 Ascent/ Boost Phase

The analysis during the boost phase is performed in folder "C:\Flixan\Trim\Examples\Lifting-Body
Aircraft\Vertical Launch\Boost Phase". The first part of the trajectory which includes the engines
thrust is in file "LiftBo_Ascent.Traj". The thrust in the trajectory file is the total thrust from both
engines. The engine information is included in the engines file "Lift_Body.Engn" which specifies the
number of engines, their nominal thrust, the gimbal locations, their mounting angles (relative to the
vehicle -x direction), max deflections, and max throttling capability. The nominal thrust direction is
along the vehicle x axis. The maximum deflections from mounting are £5° in pitch and yaw, and the
max throttling capability is #40% relative to nominal thrust. The engines mass, inertia, and the
moment arms between the engine CG and gimbal are not used in this analysis.

Lifting Body aircraft rRocket Engines

Engine Description, Thrust Mass Ieng Mom_ Arm Location (x,y,z) Mounting angles (Dy, Dz} Max Deflection Max Thrott]
b (s5Tug) (sTug-ft2) (ft) feet Elevat, azimuth (degr) Dym,Dzm (deg) {0-1)

Left TvC Eng#1 18000.0 60.0 8.0 0.7 -33.5 -6.0 -2.2 0.0 0.0 5.0 5.0 0.4

Rght TVC Eng#2 18000.0 60.0 8.0 0.7 -33.5 +6.0 -2.2 0.0 0.0 5.0 5.0 0.4

The vehicle mass properties are not constant during ascent but they vary as a function of mass. The
mass properties file is the same as before "Lift_Body.Mass", and it contains the vehicle moments of
inertia and CG location as a function of its mass. The aero coefficients for the basic body and the
aero-surfaces, files "LiftBody Basic.Aero" and "LiftBody Surf.Delt", are the same as during re-entry.
The aero-surface bias positions and deflection range where modified, however, to better affect the
trimming conditions. The hinge moment coefficient file, the damping derivatives, and the
uncertainties file: "LiftBody.HMco", "LiftBody.Damp", and "LiftBody.Unce", are the same as before.
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Trajectory

. —
Select a Project Dimcbor_yA [

C:\FlixanTrim\Examples \Lifting-Body Aircraft\ertical Laund

Let us first take a look at the trajectory file.

Start the Flixan/Trim program, select the boost
phase folder and from the filename selection

menu select the vehicle data files. In the » L. Air Launched Vehicle i
. . . [+ ||, F-16 Fighter Aircraft
following filename selection menu you may .
. . [» | Hypersonic Vehide
keep the default filenames "NewFile" for now 4 | LiftingBody Aircraft
or you may select "Kmix.Qdr" that will later on ., Doc

be used in performance analysis. You may also , Old

H H n n ' R. tr Fr 5
enter an input filename "T40.Inp" to later on =EnTy frem space

) Vertical Launch
i+ | |, BoostPhase |

create a dynamic model.

[» ., Descent Phase
|| Re-Entry Glider

-
Select One Data File from Each Menu Category

The following analysis requires some data files fo be selecied from
fhe current project direciory. Select one daia file for each

calegory, (some of the categories are oplonal). Ok

] [ Cancel

Mass Properties

Surface Hinge Moments

ILift_Elde.Mass |

Trajectory Data

ILiﬁ:Elde.HMcD ~|

Aero Damping Derivat

ILiftElD_Ascent.Tra i x|

Basic Aero Data

ILiﬁ:Elde.Damp Bd

Propulsion Data

,

Enter a File Mame containing
the Input D ata [ np)

Enter a File Mame containing
the Quadruple Data [ Qdr]

T40.Inp
MewFile.Inp

| LiftBody_Basic Aera | [Lift_Body.Engn | |Kl‘ﬂiH-qdr

MewFile. Cdr
Aero Uncertainties

ILiftEIde.UncE =]

Contr Surface Aero Coeff
ILiftElodv_Su rfDeit  ¥|

Slosh Parameters

NO DATA FILE - |

| Ewit F'ru:ugraml | Select Files I

Create Mew Input Set I

From the Trim main menu select the second option to plot the trajectory data, as shown below.
Notice how the CG is now varying with time because the vehicle mass is depleted by the engines
firing. The direction of the flight path angle begins at y=90° and it remains almost vertical during the
entire boost changing to y=88.9° towards the end of boost. The dynamic pressure reaches 350 (psf)
when the engines cut-off, the altitude reaches 17,000 (ft) above sea level, and the velocity 700
(ft/sec). The angle of attach begins at zero and it gradually changes to 1.2° as the vehicle prepares for
its glide back to the ground. The thrust is not constant but it throttles back towards the end of boost.
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Sensed Acceleration in (ft/sec”2), Lifting-Body Aircraft Ascent Trajectory
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Trimming

We will now trim the effectors and determine their positions required to balance the vehicle
moments and axial acceleration along the ascent trajectory. This time we have 13 effectors for
trimming, because in addition to the 7 aero-surfaces we have 4 TVC effectors (2 pitch & 2 yaw) and 2
engine throttles, a total of 13 effectors. Return to the Trim main menu and choose option (3) for
trimming. Do not select a trim initialization file, if it is the first time you are trimming this
configuration, and select to trim along three rotational moments, roll, pitch, yaw, plus axial
acceleration (3rd option). The program will determine a combination of effector positions for
balancing the moments and acceleration based on the individual capabilities of each effector along
those directions. The trim deflections are saved in file "LiftBo_Ascent.Trim".

R ,

Select one of the following options Exit | (0] 4 I

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File " Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

LY=T - I I = (T B O s S ]

-
Select A Filename from Menu

You can Initialize the Trim Angles
Using Previous Trim Runs. Selecta
[*=Trim} File to Initialize, or "No
Select" for Zero Initialization. -

“5 How Many Directions to bem M
LiftBo_Azcent. Trim % elect
LiftEl o0_Azcent] .Trim File How many vehicle accelerations are to be balanced by
LitBo_ascent. Trim using the control effectors (three rotations is often celect

LiftBa Azcent.Trim

sufficient)

Three Rotational Moments Only (Mo Translational Accelerations)
Three Moments, Plus (1) Translation Acceleration along Z, (Az)

Three Moments, Plus (1) Translation Acceleration along X, [Ax)

Do Mot Three Mements, Plus [2) Translation Acceleration along X and Z, [Ax & Az)
Select Three Moments, Plus (3) Translation Accelerat along X, Y and 2, [Ax, Ay, Az)

Notice that the residual moments are zero indicating that the trim was successful. The two pitch
engine deflections are varying during boost in order to balance the pitch moment. The two elevons
are also varying in a similar fashion assisting the engines. In the yaw direction the activity of the TVC
engines and rudder are very small.
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Residual Moments After Trimming (ft-Ib) Lifting-Body Aircraft Ascent Trajectory
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Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Ascent Trajectory
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Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Ascent Trajectory
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Notice also how the thrust of the two engines vary in order to match the vehicle acceleration in the x
direction. The deflections of the four body-flaps also vary, as shown above. They initially trim at £3°
and their deflections increase slightly in magnitude as alpha increases and the engine thrusts are
reduced. Because of physical limitations the upper body-flap deflections are always negative, and the
lower body-flap deflections are always positive.
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Performance Parameters along the Trajectory

From the Trim main menu we select option (6) to analyze the static stability and performance
parameters along the ascent trajectory. Those parameters provide a preliminary evaluation of the
overall performance and they are described in detail in Section 3. This analysis, however, requires a
(13x4) mixing-logic matrix to define how the 13 effectors are to be combined together to control roll,
pitch, yaw, plus axial acceleration directions, and the control authority of the effector system strongly
depends upon this matrix. The Flixan mixing-logic algorithm was used to create an effector
combination matrix but it was modified to allow more rudder and yaw TVC deflections in order to
improve the LCDP ratio at the expense of roll controllability. The matrix KmixT35 from file "Kmix.Qdr"
is selected to combine the engines and aero-surfaces together, as shown. In the aero disturbances
dialog you must enter the maximum variation of the velocity vector incidence angle relative to trim
and also the maximum variation of the air-speed. These parameters define the magnitude of the
wind disturbances and are required for the control authority calculations. The omax and PBmax
dispersion angles are both set to 2.5° in this case and the air-speed variation due to wind is set to 50
(feet/sec).

| _

Select one of the following options Exit | OK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time
. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects
. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

=R 1 B R

| A (13X 4) Miing Logic Matrix is required
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|

rl11e Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
(Aero-Surface, TVC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
(Kmix) from the Systems File: NewfFile.gdr, or let the
program calculate it

Select a Mixing Matrix
from Systems File

hen you create a new Mixing Logic you have the option of

justing the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select Using All Effectors at
this option for 100% participation from all effectors. 100% Participation

There are times, however, when you want to reduce their

contributions. Plus some effectors are only used for Create a Mixing Matrix
Trimming and not for Control. Their participation should be By Adjusting the Effector
Iset to 0% in the effector combination calculations. Contributions

PMaximum Sero Disturbances

The control effectars must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their
trim values.

Enter the worst expected alpha and beta dispersions in
(deg), and also delta-velocity in (ftfsec) from trim that must
be controlled by the effectors, and click OK.

Maximum 2 5000 Maximum 2 5000

Alpha (deg) Beta (deg) K
Maximum Change in Velocity due
to Wind in [feet/sec) 50.000

|

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix

KMIXTI5A - Mixing Logic for Lifting-Body Aircraft Ascent Trajectory at Time: 35 sec
KMIXT35 - Mixing Logic for Lifting-Body Aircraft Ascent Trajectory at Time: 35 seconds
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The stability results show that the vehicle is statically stable in both pitch and lateral directions with a
static margin between 2% and 5.5%. The T2-inverse parameters are negative indicating that the short
period resonances begin from zero at lift-off and reach 3.5 (rad/sec) in pitch and lateral. The Q-alpha,
Q-beta loading reaches only 400 (psf-deg) because alpha is small during ascent. The control effort is
very good in all directions except roll. Roll control authority becomes marginal towards the end of
boost because the dynamic pressure and angle of attack increase enabling the dihedral to affect roll
controllability. It means that the vehicle has plenty of control authority to counteract wind
disturbances due to amax and Bmax angles in all directions except roll. This is not a problem, however,
because during ascent the vehicle is not expected to maneuver in roll. There is also plenty of pitch
and throttle control authority to counteract against air-speed variations.
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The CnB-dynamic is positive which means that the vehicle is directionally stable. The LCDP ratio was
adjusted to vary between 12.5 at lift-off to 0.9 towards the end of boost. The adjustment was made
in the mixing-logic matrix by allowing bigger rudder and yaw TVC contributions in roll to avoid very
small LCDP magnitudes and sign reversals. The bank angle parameter (¢) is ignored because it is only
applicable near landing.
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The last figure shows that the effectors system provides sufficient control acceleration in all four
directions. The first one is translational x-acceleration in (feet/secz), and the last three are rotational
in (deg/secz). The maximum acceleration capability increases with the dynamic pressure and also
because the vehicle becomes lighter and more maneuverable, such as the x-acceleration by varying
the thrust.
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Contour Plots Analysis

Contour plots allow us to observe the state of some of the most important vehicle performance
parameters over the entire Mach versus Alpha range. These parameters depend on the effector
mixing-logic matrix so we must select again matrix KmixT35 from file "Kmix.Qdr". Contour plots are
the 10™ option that can be selected from the Trim main menu, as shown.

Select one of the following options Exit oK |

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix {Kmix)

State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots {Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

RN T R ST

The Mixing Logic Matrix translates the Flight Control [Roll, L .
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands SEEE D S M_atm(
[Aero-Surface, TWC, and Throttling). R SEmE AR
You may either select a pre-calculated Mixing Logic Matrix

[Kmix} from the Systems File: NewFile.qdr, or let the

program calculate it

hen you create a new Mixing Logic you have the option of

ljusting the participation of each effector in the Create a Mixing Matrix i .
combination matrix. Maximum contribution is 100%. Select | Using All Effectors at = Eeiel| SiEan e MUS T2 Gl @i ey e G
‘this option for 100% participation from all effectors. 100% Participation angles of attack and sideslip (typically 3-5 deg) from their

trim values.

Enter the maximum expected alpha and beta dispersions
from trim in (deg) that must be controlled by the effectors,
and click OK.

Maximum Maximum
Alpha [deg) 25000 Beta (deg) 25000

Select 2 Gain _

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix

There are times, however, when you want to reduce their
contributions. Plus some effectors are only used for Create a Mixing Matrix
Trimming and not for Control. Their participation should be by Adjusting the Effector
set to 0% in the effector combination calculations. Contributions.

KMIXT354 : Mixing Logic for Lifting-Body Aircraft Ascent Trajectory at Time: 35 sec

KMIXT35 - Mixing Logic for Lifting-Body Aircraft Ascent Trajectory at Time: 35 seconds
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The following menu is used to select some of the performance parameters to be shown in contour
plots.

,
“u Salect Contour Plots ﬁ

Select one of the Following Contour Plots to Display 0K
Wehicle Stability, Performance and Controllahbility as a
Function of Mach Number and Alpha E it

Pitch Stability, T2-lnverse Versus (Mach & Alpha)
Lateral Stability, T2-Inverse Versus (Mach & Alpha)
Lateral Departure (LCDP Ratio) Versus (Mach & Alpha)
Pitch and Yaw Controllability, Effector Effort (0 - 1)

The first two contour plots are showing the pitch and lateral stability parameter in the entire Mach
versus alpha range, and they are very similar. The trajectory is shown by the dark line beginning in the
lower left-hand corner where both alpha and Mach are zero and ending up in the upper right-hand
corner, where o=1.2° and Mach= 0.67. The vehicle is neutrally stable at lift-off and its stability
progressively increases in both pitch and lateral as the dynamic pressure increases.

The LCDP ratio which is a measure of dynamic roll controllability was adjusted in the mixing-logic
matrix to remain positive throughout the boost phase. In fact its value is close to 1 near the end of
boost. This was achieved by trading-off some of the roll control authority which becomes marginal
near the end of boost.

The control authority in pitch and yaw is very good in both directions because the magnitude of the
control effort is much less than one. In this case the control effort is measured against 2.5° of (Otmax
and Bmax) dispersions from nominal.
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Controllability Analysis Using Vector Diagrams

Vector diagrams are 2-dimensional diagrams used for analyzing the vehicle controllability at a steady
flight condition. Each vector diagram compares the control capability of the effectors as a system in
two directions against the effect of the wind-shear disturbance due to alpha and beta dispersions in
the same two directions, and determine if the effectors provides enough control authority to
counteract against the disturbance moments and forces. It allows us to examine the directions of the
controls against the disturbance directions. It also helps evaluate the orthogonality of the control
system, compare the acceleration magnitudes due to controls and winds, and to determine if the
controls are more powerful and their corresponding directions capable of counteracting the
disturbance effects along the controlled directions, which in this case they are four: roll, pitch, yaw
and axial acceleration. From the Trim menu select option (11), and then an arbitrary flight condition
within the range of the trajectory, let's say at t=35 sec.

i N
Main Trim Menu

Select one of the following options Exit OK

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces

. Create an Effector Mixing Logic or a TVC Matrix {Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis
10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis
11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

0O = W W e

Select a Time from: [ 0.0000  to 46100 ]toAnalze Yehicle

Controllability

| 350

The following dialog consists of menus used for selecting the vehicle mass, Mach number, alpha, and
beta. Keep the default values which correspond to the selected flight condition and click "Select".
Notice that Mass=534, Mach 0.6, and a=1° are the nearest values to the selected time. The
disturbances are caused by wind-shear defined by the maximum omax and Bmax variations from trim.
In the following dialog enter the maximum disturbance angles (otmax and PBmax)=2.5°, and then select
the (13x4) effector combination matrix "KmixT35" from file Kmix.Qdr, as shown.
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o T

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below
and click "select"

Select

Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)

: : 0.00

S———

The Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
(Aero-Surface, TWC, and Throttling).

'You may either select a pre-calculated Mixing Logic Matrix

. . (Kmix) from the Systems File: NewFile.gdr, or let the
Maxirnum Aero Disturbances program calculate it

Select a Mixing Matrix
from Systems File

The contral effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their
trim values.

When you create a new Mixing Logic you have the option of

adjusting the participation of each effector in the Create a Mixing Matrix
Enter the worst expected alpha and beta dispersions in combination matrix. Maximum contribution is 100%. Select Using All Effectors at
{deg), and also delta-velocity in (ftfsec) from trim that must this option for 100% participation from all effectors. 100% Participation
be controlled by the effectors, and click OK.

_ R There are times, however, when you want to reduce their
Maximum Maximum 28000 icontributions. Plus some effectors are only used for Create a Mixing Matrix
Alpha (deg) Beta (deg) Trimming and not for Control. Their participation should be by Adjusting the Effector
Ok set to 0% in the effector combination calculations. Contributions

Maximum Change in Velocity due ROLO00
to Wind in [feet/sec) )

|

Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix I

KMIXT35A - Mixing Logic for Lifting-Body Aircraft Ascent Trajectory at Time: 35 sec

: Mixing Logic for Lifting-Body Aircraft Ascent Trajectory at Time: 35 seconds

The vector diagrams in figure 2.1.1 show the roll/ yaw moments and side-force, non-dimensional (C, C,, Cy),
produced when the roll and yaw FCS demands are maximized to the effectors limits. The solid blue vector
corresponds to max positive yaw FCS demand &R,rcsmax and the dashed blue vector to max negative yaw
demand SR rcsmax. The effect is mostly in the demanded yaw direction but it also couples into roll. Similarly, the
green vectors are due to the maximum roll demands 3P+rcsmax and they are mainly in the intended direction.
The green vector below shows the effect that the yaw FCS demand 8R+¢csmax has in yaw and also in side-force.
Positive yaw produces negative side-force, as expected. The two red vectors show the roll and yaw moments
generated by the variations in the angles of attack and sideslip *0,,,x and B . from their trim positions. The
disturbance in this case is mainly in roll due to [ variations, +B.x generates a negative rolling moment because
the vehicle has significant amount of dihedral effect. It also produces a negative side-force. The red rectangles
at the tips of the red arrows show the moments and side-force uncertainty in this flight condition. The
rectangles at the tips of the control vectors represent the control uncertainties. The uncertainties are obtained
from file "LiftBody.Unce".
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Comparison Between Maximum Control Moments Against Maximum Disturb Moments (red)
Roll & Yaw Control Moments (non-dimension) vers Disturb Moment due to Max Beta/Alpha
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Figure 2.1.1 Maximum Roll and Yaw Moments and Side-Force produced due to 1f,,., and Controls



The next two plots in figure (2.1.2) analyze controllability in the longitudinal directions when the pitch
and axial acceleration control demands are maximized. The control system during ascent in addition
to pitch control it can also vary the thrust of the two engines in order to adjust its acceleration. The
flight control system produces two longitudinal demands, pitch (6Qgcs) and axial (6Xkcs) accelerations.
The actual effector deflections and thrust variations are determined by the mixing-logic matrix. The
figures show the pitch moment Cm plotted against the forces CZ and CX. The blue vectors show the
maximum pitch moment and forces produced when the pitch control demand is maximized. The solid
blue vector is due to max positive demand 0Q.rcsmax, and the dashed blue vector is due to max
negative demand 8Q.rcsmax. The pitch control, in addition to producing the required pitching moment,
it also generates force variations in both x and z directions, mainly due to the TVC deflections. Unlike
the lateral directions, the vectors here are not symmetrical because the pitch moment and z-force
variation produced by a max positive control demand 6Q.rcsmax iS larger than the moment and force
produced by a max negative demand.

The vehicle is trimmed in pitch because Cm=0 when the control 6Qfcs=0. It is, however, accelerating
in +x and in -z directions because CX>0 and CZ<0 when 8Qfcs=0. The +x acceleration is due to the
engine firing at nominal thrust, and the -z acceleration is because the engines are trimmed with
positive deflections 0.=+0.25°. A +pitch control demand decreases the CX force and increases the CZ
force because the gimbal deflections are negative pointing the thrust towards +z. The green vectors
show the effects of the axial acceleration control by throttling the engines on the axial force Cx and
the pitch moment Cm. The effect is mainly in the x-force direction CX which has a nominal value of
0.31 when the vehicle thrust is nominal. It can be varied between 0.17 and 0.46 by the +40% thrust
variation that is provided by the throttle control system. The red vectors show the pitch moment,
axial and z forces generated by the variations in the angles of attack and sideslip (Amax and Bmax)=12.5°
from their trim positions. The disturbance in this case is mainly due to the +omay variations. A positive
Omax generates a negative pitching moment because the vehicle is stable in this flight condition. It
also produces a negative z-force, because, an increase in a makes the z-force more negative (up). The
rectangles show the possible variations of the vectors due to the uncertainties in the aero-
coefficients.
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Comparison Between Maximum Control Moment/Forces Against Maximum Disturbance (re
Pitch Control Moment and Axial X-Force (non-dimens) versus Disturb due to Max Alpha
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Comparison Between Maximum Control Moment/Forces Against Maximum Disturbance (red)
Pitch and Normal-Z Control Moments and Forces versus Disturb due to Alpha Variation
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Figure 2.1.2 Pitch Moment, Normal and Axial Forces produced due to o, and Longitudinal Controls
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Comparison Between Control Moment Partials Versus Aero-Disturb Moment Partials (red)

Yaw & Roll Control Partials Cn/delta_R and Cl/delta_P versus Cn/beta & Cl/beta

.020

.015

.010

a Pdot

.005

g & Cl/delt

-.005

-.010

Cl beta /de

-.015

Trim Conditions @
Flight Time ----------------- : 350
Mach Number ----------------- : 0,600
Alpha and Beta Trim (deg) ---: 1.00 000
Dynamic Pressure (psf) ------ ¢ 310.
Vehicle Mass (slugs) -------- : 578,
Max Alpha/Beta Disturb (deg): 250 250
Aero-5urface Trim Angles (deg)
372 370 -D304 -149 146 639 638
Engine Pitch Trim Angles (deg)
0.246  0.249
Engine Yaw Trim Angles (deg)
0.748E-020.747E-02

.020

040

Cn_beta /deg & Cn/delta_Rdot

.050

The above figure is a moment partials vector diagram showing the variation in roll and yaw moments

per acceleration demands in roll and yaw in (rad/sec?). The blue vector is the moment partials

{CNndRecs, CIORfcs} per yaw control demand and it is mostly in the yaw direction. The green vector is

the moment partials {CnoP¢cs, CIOP¢cs} per roll demand and it is mainly in roll. They both couple into
each other's direction but they are close to being orthogonal to each other, which is a good property

for control. The red vectors pointing downward are the scaled {Cnf3, CIB} partials. Notice that CIf} is

negative due to the dihedral and it is bigger in magnitude than Cnf. The red rectangle centered at the

tip of the {Cnp, CIB} vector is due to the uncertainties in the two partials. Similarly the yellow

rectangle at the tip of the yaw control partial is due to the uncertainties in {CndR, CIdR}, and the cyan

rectangle at the tip of the roll control partial is due to the uncertainties in {CnoP , CI3P}. The

uncertainties are obtained from file "LiftBody.Unce".

5-210




Comparison Between Control Force & Moment Partials Against Disturb Partials (red)
Cm/alpha & CX/alpha versus Pitch and Axial Force Controls: Cm/delt_ Q & CX/delt X

.070

.060

.050

.040

.030

.020

.010

CX alpha /deg & CX/delta Xddot

-.010

-.005 0 .005 010 015 .020
Cm_alpha /deg & Cm/delta_Qdot

This vector diagram shows partials in the two longitudinal control directions which are variations in
pitch moment and axial force per acceleration demands in pitch (rad/sec?), and in x-direction
(ft/secz). The blue vector shows the partials {CX0Qfcs, CMOQscs} per pitch control demand and it is
mostly in the horizontal pitch direction. The green vector represents the partials {CX0Xcs, CmMOXecs}
per axial acceleration control demand (throttle) and it is mainly in the +vertical axial force direction.
They are almost orthogonal to each other and pointing in the demanded directions, which is good.

The red vectors are the scaled {Cx,, Cmqo} partials. They are two because they are calculated at the two
extreme B positions. Notice that Cma is negative because the vehicle is stable in this
configuration. The red rectangles centered at the tips of the {Cx,, Cmo} Vvectors are due to the
uncertainties in the two partials. Similarly the yellow rectangle at the tip of the yaw control partial is
due to the uncertainties in {CndR, CIGR}, and the cyan rectangle at the tip of the roll control partial is
due to the uncertainties in {CndP, CI3P}. The uncertainties are obtained from file "LiftBody.Unce".
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This figure shows the
longitudinal  partials  of
accelerations per
acceleration demands in
pitch and axial directions.
The blue vector is {Q/8Q¢cs,
X/8Qecs), and the green
vector is {Q/8Xecs, X/8Xecs).
It shows that both vectors
are pointing mainly in their
corresponding and
demanded directions
indicating that controllability
in both directions can be
achieved.

This  figure shows the
partials of accelerations per
acceleration demands in roll
and yaw. The green vector is
{P/SPecs , R/SPrcs), and the
blue vector is {P/SRecs,
R/8Recs). The axis units are
in  (rad/sec®)/ (rad/sec?).
They are close to being
orthogonal to each other,
which means that control is
achievable in both
directions.
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Modeling, Control Design, and Stability Analysis

We will now create dynamic models for the vehicle at a fixed flight condition during ascent. We will
use these models to design control laws, an effector combination logic, and analyze stability in the
frequency domain. The effector combination matrix used in the linear analysis is KmixT35 which was
also used in the Trim performance analysis. It combines the 7 aero-surfaces, TVC, and throttling to
provide accelerations in 4 directions: roll, pitch, yaw, and axial acceleration. The vehicle dynamic
model was created using Flixan, as shown below. The flight condition chosen was 40 sec after lift-off.
From one of the trajectory plots, go the top menu bar and choose "Graphic Options". Then from the
vertical pop-up menu click on "Select Time to Create State-Space System". Then using the mouse click
along the horizontal axis at time t=40 sec, to select the flight condition. The program confirms the
flight time and prepares the dynamic model. Using the following dialog you may modify the data,
labels, or flags before saving it in file "T40.Inp".

-

Flight Vehicle Parameters

WYehicle System Title I |
Lifting-Body Aircraft Ascent Trajectory/ T= 40 zec It Input File

Esit |

Mumber of ¥ehicle Effectors Number of Sensors Modeling Options [Flags] Update D'ata | Run |

imbali i WITH T/ Output Rates in Turn Coordination 7
Gimbaling Engines or Jetz. ’T m Bumes IT P!

Inciude T ailw ags-Dog? M Include Tum Coardin Save in File
Rotating Contral Surfaces. 7 [WITH TWD Acceleromst IT Stability Awes “without Turn Coordin

Include T ail-\wags-Dog?

. - . . Mumber of Modes
Reaction Aero-Elasticity Options Attitude Angles
a - Aero Wanes a ¥ Up 7
Wheels? Momentum Control Devices Inciuds GAFD. Hpaam  [Exler Angles Stucture Eending i]
Single Include a 3-axes Yes . Integralz of Flates
Gimbal il Stabilized D ouble E External Meither Gafd nor Hpa LWVLH Attitude Fuel Sloshing: 0
CMGs? Gimbal CM System? Torques | © g

Reactioh Wheels ] Single Gimbal CMGs ] Double Gimbal CMG Systermn ] Slewing &ppendages ] Gyros ] Accelerometer ] ALero Sensors ] Fuel Slogh ] Flex Modes ] Uszer Motes ]
Mass Properties ] Trajectony Data ] Gust! Aero Paramet, ] &ero Force Coeffs ] Lero Moment Coeffs ] Control Surfaces  Gimbal Engines/ RCS l External Torques ]

This Vehicle has 2 Thruster Engines  |[Engine No: 1| [Left TVC Eng#1  Enaine/ Thnuster Jet Defirition
Thrust in [1b] M aximum Deflections [deg) Mominal Pogition Angles [deg)

Mominal Thust | 1529136 | |Pitch, Delta_ max |  5.000000 Azimuth, Delta_Zo 0.000000 g:g;g: 55‘2’:?3"'3:;{
Masimum Thiust | 2140790 | |Vaw, Delta_Zmax | 5000000 Elevation, Delta Yo | 00nooop '@ the wehicke = ais

Engine Mass Properties Location of Engine Gimbal [feet) Gimbaling or Throttling?
Engine Mass in [Slugs) £0.00000 %_gimbal -33.50000 s e Bl P Mext Engine
A D
tMoment of Inertia about Gimbaling 7 Ho

the Gimbal [slug-t*2] £.000000 _girabal -6.000000
Mament & [ft], Engine ) Can it Vary itz
CG to Gimbal 0.7000000 Z_gimbal -2.200000 Thrust like aJet?  |No

Notice, the attitude angles in this model are not defined to be Euler angles as in the reentry models
but they are integrals of the body rates. This has to do with the flight control system structure which
is different from the reentry structure. During ascent it is more important to control attitude rather
than alpha or normal-acceleration because the thrust needs to be pointed in the right direction. The
flight control system is receiving increments of attitude commands from guidance relative to its
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current attitude, rather than absolute Euler angle commands, so for a short time step the next
attitude relative to the previous position can be approximated with the integral of the body rate.

In this case, however, we will skip the preparation details because the input data file corresponding
to trajectory time: 40 (sec) after lift-off is already prepared in file "T40.Inp". This file also contains
data-sets for generating pitch and lateral control design plants and converting them to Matlab
format. The Matlab analysis for this flight condition is performed in folder "C:\Flixan\Trim\Examples\
Lifting-Body Aircraft\Vertical Launch\Boost Phase\T40".

Processing the Input Data

We will now describe the contents of the input data file "T40./Inp" and process it using Flixan. It
creates the following systems that will be used in control design and analysis:

e A vehicle dynamic model "Lifting-Body Aircraft Ascent Trajectory/ T= 40 sec". The rates in this system
are body rates and the attitudes are body rate integrals. This model is also saved in file "vehicle_sim"
for Matlab analysis.

e Two plant models which are used for pitch and lateral flight control designs, "Lifting-Body Aircraft
Ascent Pitch Design Model" and "Lifting-Body Aircraft Ascent Lateral Design Model" which are also
saved in files "pitch_des.m" and "later_des.m" respectively and used in Matlab for LQR control design.

This file can be processed in Flixan as follows. Start Flixan and select the project directory that
contains the input data file. Then go to "Edit", "Manage Input Files" and then "Process/ Edit Input
Data".
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~
“u Flixan, Flight Vehicle Modeling & Control System Analysis-

File | Edit | Analysis Tools View Quad Help
Manage Input Files (*.Inp) 2 Create or Edit Batch Data
Manage System Files (*.Qdr) 2 Process / Edit Input Data

Process Input Data Files

Point ta an Input D ata Filename Esit
and Click"Select Input File" The following etz of input data are in file: T40.Inp &g
|T4D.|np Bun Batch Mode : Batch for amalyzing the Lifting-Body vehicle during launch at t=30 sec after lift—off.

T40lrn Flight Vehicle : Lifting-Body Zircraft Ascent Trajectory/ T= 40 sec
- System Modificat : Lifting-Body Aircraft Ascent Pitch Design Model

System Modificat : Lifting-Body Zircraft ZAscent Laterzl Design Model
To Matlab Format : Lifting-Body Aircraft Ascent Trajectory/ I= 40 sec
To Matlak Format : Lifting-Body Rircraft Ascent Pitch Design Model

To Matlab Format : Lifting-Body Aircraft Ascent Lateral Design Model

F - B
Replace Systems File? l‘—‘hJ

I.-"'_"‘-.I The systems filenarme: T40.Qdr
W' already exists. Do you want to create it again?

Edit File

Select Input File

Execute/ View Input Data

Delete Data Set in File ‘

Relocate Data Set in File

Thiz batch set creates dynamic models of the: Lifting-B ady vehicle far contral design and simulation purpozes. The model iz in the body axis. |t creates -
also bwo additional (pitch and lateral] models for control design uzsing the LR method. A1 13 effectors are used to contral the vehicle, which includes: 7
aero-surfaces, and 2 TWC/ Thiotting engines. The spstems are converted to b atlab format in separate files, vehicle_sim.m, etc.

Copy ta dnather File

Wiew Data-Set Comments

When the following dialog appears, select the input data file "740./np" form the left menu and click
on "Select Input File". The menu on the right lists the titles of the data sets which are included in this
file. On the left side of each title there is a short label defining the type of the data-set. It also
identifies which program utility will process the data-set. On the top of the list there is a batch
created to process the whole file. In order to process the batch, highlight the first line titled "Batch
for analyzing the Lifting-Body vehicle during launch at t=40 sec after lift-off". Flixan will process the
input file and save the systems and matrices in file "740.Qdr". It will also create the system functions
for Matlab analysis.

LQR Control Design

The following Matlab file "Init.m" loads the simulation and design systems, and the effectors
combination matrix in Matlab, and performs the pitch and lateral LQR designs.
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% Initialization and LQF design,
dZr=pi/180; r2d=180/pi:

[Ap=, Ep=, Cps, Dps] = pictch des;
[Lls, Bls, Cls, Dls] = later des;
[Ave, EBve, Cws, Dwe] = wvehicls sim;
load FmixT3i5.mat —ascii; Emix=EmixT35:;
Te=15200;

File Init

% Pitch LQF Design Using the 13 Effectors

[Ap4,Bp4,Cp4,Dpd4]l= linmod|'Pdesdx');
B=0.01; o=[8 5 4 0.05]; Q=diag(Q):
[Ed, =s,2]=1lqr (Ap4,Bpd,Q,B)
save Fq T3iS.mat Fq -—ascii

% Lateral LQFE Design Using the
[414,B14,C14,D14]= linmod|'Ld=sssSx'):
BF=[1,1] *20; E=diag(R):

J=[15 8 2 2 0.05]*0.008; Q=diag(d):
[Epr,=s,e]=1lqr (L14,B14,Q,F)

save Fpr T35.mat Epr -ascii

Pitch LQR Design

The pitch LQR design plant in file
"pitch_des.m" originally consisting of
states: {6, g, and a} is augmented using
Simulink file "Pdes4x.MdI" to include also
0-integral in the state-vector, as shown.
The second column of the Kmix matrix is
also included in the pitch plant to reduce

its inputs to a single pitch acceleration

¥ = Ax+Bu
y = Cx#+Du

42

- I

13 Effectors

Load Pitch Design Model
Load Lateral Design Model
Simulacion £-dof Model

Load Surfaces Mix Logic [(13 = 4)

AR g

Nominal Engine thrust

4-state des model {thet [int,theta,q,alfa}l
LQR Weights for {thet_ int,theta,q,alfa}l
Perform LOFE design

Pitch S3tate-Feedback Gain Eg

A AR

S-state des
LOF. Weights
LOR Weights Q=[1 1 1 0.04 0.04]*0.4
Perform LQE design

Lateral State-Feedback Galin Epr

model {phi_int,phi,p,r,betal
B=[1,10]*2

EE

4.state Pitch LQR design model

Kmix(2)

Lifting-Body Aircraft
Ascent Pitch Design Model
from file pitch_des.m

theta

State

¥
h 4

¥

alfa alfa

demand input. The pitch attitude is controlled during ascent, instead of o or Nz, because it is

important to point the thrust in the proper vertical direction as commanded by guidance.

The following Simulink model "Sim_Pitch_Simple.MdI", shown in figure (2.1.3), is used for evaluating
performance of the ascent LQR design. It includes the state-feedback matrix Kg and the mixing-logic
matrix. It calculates the system's response to 1° pitch attitude step command. However, instead of

alpha, Nz feedback will be implemented in the simulation model.
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Pitch LQR Evaluation Sim Model

theta_cmd

Lifting-Body Aircraft
Effector Deflections Hypersonic Fitch
i ) Design Model
(deg) ) .
from file pitch_des.m
r2d2
-<_|;I <‘ *® = Ax+Bu
<t y=Cx+Du
delta{i}
-
I alpha -
alf r2d
Kmix(2) KB Ele—f—
[y
State-Feddbadk via Kg
Q_surf //K'j » ]
\_J 4 state fesdback

Figure 2.1.3 Simulink Model "Sim_Pitch_Simple.MdI" used for evaluating the Pitch LQR design

Lateral Control Design

The system in file "later_des.m" is used in the lateral design plant. It originally consists of states: {¢, p,
r, and B} and it is augmented using the Simulink file "Ldes5x.MdI" to include also ¢-integral in the
state-vector, as shown. The rates are in the body axis (rather than stability) because the angle of
attack is small during ascent. The first and third columns of the Kmix matrix are also included in the
lateral plant to reduce the inputs to two; roll and yaw acceleration demands.

5-state lateral design model

Int1

Lifting-Body Aircraft Ascent
Lateral Design Maodel
from file later_des.m

¥ = Ax+Bu
y = Cx+Du

[dF, dR) oty
) Kmix(1,2) 4-state Lateral

The Simulink model "Sim_Later _Simple.MdI" is used for evaluating the lateral design. It includes the
state-feedback matrix Kpr and the mixing-logic matrix KmixT35. However, instead of beta, Ny
feedback will be implemented in the simulation model
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Lateral LQR Evaluation Sim Model
Effector Loops Closed

10 deg phi-cmd

Lifting-Body Aircraft Ascent
Lateral Design Model
Effector Deflections from file Iater_des.m
in {deg) pstab
Al o | ¥ = Ax+Bu =
[ ™ y = CxtDu Lol retsb
deltafi} r2d1 L
4-state Lateral
bets
L
beta
Kmizx{1 ,3:-£.£
& r2d
Rl
\J"" E-ztate fesdback

State feedbadk via Kpr

uphf = | = P

SHELLL ARB EAF -

Figure 2.1.4 Simulink Model "Sim_Later_Simple.MdI" used for evaluating the Lateral LQR design

Linear Simulation Model

The Matlab linear simulation model for ascent (at t=40 sec) is in file "Simul_Ascent.MdI", shown in
figure (2.1.5). It uses the vehicle state-space system "Lifting-Body Aircraft Ascent Trajectory/ T= 40
sec" from file "vehicle_sim.m". In the longitudinal directions the pitch attitude is controlled by a

combination of TVC and elevon deflections, including some body-flap. Velocity is also controlled by

varying the engines thrust. In the lateral directions yaw attitude is not directly controlled, only roll is

commanded. The dihedral makes it difficult to independently command both roll and yaw. However,
both directions are stable. A combination of TVC, elevon, and rudder deflections are used to control

the lateral directions. Notice, that in the simulation model the o-feedback is replaced with Nz

feedback and also the B-feedback is replaced with Ny feedback. It is used for evaluating the system's

response to ¢, 6, and 6V commands and also to wind-gust disturbances.
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6-dof Linear Simulation

4 Control Loops State-Feedback Loop
(roll, pitch, yaw)

Lateral
Lifting-Body Aircraft Flight Contral
phi — | phi
dP
pr——=|pb
L |PQR dem
r————p|rb
dR.
My [Ny —‘
-
thet {————-|theta
qr——#|a i
— |
Mz }—— =Nz
Fitch Flight Control
Vd
L |Vidot 3

Velocity Control
Loop

Vel Control

Figure 2.1.5 Ascent Simulation Model in File "Simul_Ascent.MdI"

Velocity Control Loop

V-Cmd
[ftisech

10

Vdot Int Wdot
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Vehicle Simulation Model

phi

»(1)
L=
delts phi
=
Deflections w-bedy
Actust
®_> Kmix Lifting-Body Aircraft prves
PQH dem T > Ascent Trajectory/ T=40 sec 2
slpha S
Throttle - F—— r2d
Effector Mixing ¥ = Ax+Bu
(3 J Demand Matrix L [ g I
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. file wehicle_sim.m lE'I beta
” ’ vd albet
time
EEEEEEE—
Clock Time
|—[VXR
W-Gust -
0.7z Vel Xrng
gust L'|-= = sccel
5240.95+0.702
Gust Smocther Gust — E
Inputs = 14 _:' ==
1 Engine 1 PFitch Deflect. (rad), Dymax= 5.0 deg "1 scceler Quiputs = 14 o o
2 Engine 2 Pitch Deflect. (rad), Dymax= 5.0 deg 1 Roll Attitude (phi-body) (radians)
3 Engine 1Yaw Deflection (rad), Dzmax=5.0 deg 2 RollRate  (p-body) (rad/sec)
4 Engine 2 Yaw Deflection (rad), Dzmax=5.0 deg 3 Pitch Attitude (thet-bdy) (radians)
5 Throttle Input dTh/Th for Engine Nol (-) 4 Pitch RaT_:E lq_—bo_dw tra.d_a'sgc]
& Throttle Input dTh/Th for Engine MNoZ [-) —(7 5 Yaw Aftitude (psi-body) (radians)
7 LeftElevon Deflection (radians) Nz & Yaw Rate (rbody) (rad/sec)
& Right Elevon Deflection (radians) 7 Angle of a]:ta:k,_alfa, Lraldlan_s]
9 Vertical Rudder Deflection [radians) & Angle of sideslip, bets, (radian)
10 Upper-Left Body-Flap Deflection(radians) g Change in Altitude, delta-h, (feet)
11 Upper-Right Body-Flap Deflection [radians) 10 Forward Acceleration (V-dot] (ft/sec)
12 Lower-Left Body-Flap Deflection{radians) 11 Cross Range Velocity (Ver) (ft/sec)
13 Lower-Right Body-Flap Deflection (radians) 12 CG Acceleration along X axis, L_f't.fSEE“l]
14 Wind Gust Azim, Elev Angles=(45,30) (deg) 13 CG Acceleration along Y axis, (ft/sec"2)
14 CG Acceleration along Z axis, (ft/sec*2)

Lateral Flight Control System
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Simulation Results

The simulation model "Simul_Ascent.Mdl" will now be used to simulate the vehicle response to step
commands in pitch and roll attitude and to a change in velocity.

Pitch Step Command: Starting with a 5° 6_command step in pitch attitude. The plots show how the
vehicle uses both: pitch TVC and elevon deflections to catch-up to the step attitude command. Notice

the similarity between the angle of attack and the normal (Nz) acceleration.
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Roll Step Command: The next set of plots show the vehicle response to a 10° step command in roll.

Left Elevon
Rght Elevan
Rudder

T T T T T 1 T
0
2 f
. =
Lek TVC @
Right TV - 2
]
o
L L L 1 % 21
1] 12 4 16 L] 20 a
P
o
£
3
T T T T 2]
3
-4
L 5 L L 1
10 12 4 16 18 0 0 2 4 6

Time sec

L
10

Time sec

The vehicle uses TVC, elevon, and rudder deflections to catch-up with the $_command.

Phi,Phi, , (deg)

Body Rates, Wh (degisec)

4 5 8 10 12
Time sec

Lifting-Body Aircraft Ascent, F'hic a=10 {deg)

m

16

A07T

16



Lifting-Body Aircraft Ascent, Phi__ =10 (deg) Lifting-Body Aircraft Ascent, Phimd=10 (deg)
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Velocity Step-Command: The last set of plots show the vehicle response to a 10 (ft/sec) step-increase

in speed. There is a momentary increase in engine thrust that causes an axial acceleration that
eventually decays to zero. The speed catches up to the commanded value in less than 10 sec. The
increase in velocity also causes an increase in altitude since the flight-path angle is almost vertical in
this flight condition. The elevons also respond to the command as they try to maintain a steady pitch
attitude during this maneuver.
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Stability Analysis

Figure (2.1.6) shows the Simulink model "Stab_Anal.mdl" used for analyzing the stability margins for
this ascent t=40 sec case. This model is similar to the simulation model "Simul_Ascent.MdI" but it is
configured for open-loop analysis. Only one loop is opened at a time and the other 3 loops are closed.

The Matlab file "Frequ.m" uses this model to calculate the frequency response across the opened
loop. The next 3 figures show the Nichols plots in the axial, roll, and pitch directions and the red lines
are highlighting the phase margins for this t=40 sec case.
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Figure 2.1.6 Simulink model "Stab_Anal.mdI" used for Open-Loop Stability Analysis
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2.2 Descent from Boost

After the main engines thrust cut-off the vehicle continues to rise for another 20 seconds to an
altitude of 24,000 (ft) and then it turns its nose towards the ground and begins to fall vertically under
gravity with a y close to —90°. The angle of attack continues to rise during this direction reversal but it
does not exceed 15°, to prevent stalling, and then it comes down to about 6°. In the mean-time the
flight-path angle (y) increases to less negative values of approximately -25° before the landing flare
where it is reduced to zero (not shown). The files for the descent from boost analysis are in:

"C:\Flixan\Trim\ Examples\Lifting-Body Aircraft\Vertical Launch\Descent Phase".
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Trimming along the Descent Trajectory

The following plots show trimming positions of the 7 aero-surfaces along the descent part of the
boost trajectory. Only the 3 moments are trimmed during this phase which is similar to the reentry
phase.

Select One Data File from Each Menu Category

-

The following analysis requires some data fles o be seledied from
the current project direciory. Select one data file for each

category, (some of he calegories are oplonal).

-~ . .
err— | [ R
R - |

ILiftElDdy.HMcD

amplesLifting-Body Aircraft\Vertical Launch\Descent Phase

Trajectory Data Aero Damping Derivat
i | F-16 Fighter Aircraft & ILiftELD_Descent.Traj | ILiftEh:ldy.Damp |
I» || Hypersonic Vehide
4 | Lifting-Body Aircraft S . e
ic Aero ropulsion
: ST; ILiftEDdy_Basic.Aeru | INO DATA FILE |
|| Reentry from Space E|
| Vertical Launch Contr Surface Aero Coeff Aero Uncertainties
b |, BoostPhase |LiftBody_Sur.Delr ¥ | |LiftBody.Unce |
B | | Descent Phase |
b i Re-Entry Gider Slosh Parameters
I» || Reusable Space Plane INO DATAFILE j

o] [l

% How Many Directions to be Balanced ?

How many vehicle accelerations are to be balanced by
using the control effectors (three rotations is often Select
sufficient)

Three Rotational Maments Only (No Translational Accelerations)
Three Moments, Plus (1) Translation Acceleration along Z, (Az)
Three Moments, Plus (1) Translation Acceleration along X, [fx)
Three Moments, Plus (2) Translation Acceleration along X and 2, (Ax & Az)
Three Moments, Plus (3) Translation Accelerat along X, Y and Z, (Ax, Ay, Az)
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Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Descent Trajectory
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Notice that initially the vehicle base moment at a=2° is positive and, therefore, a negative pitching
moment is required by the elevons and the lower body-flaps (positive deflections) in order to trim. As
the angle of attack increases towards a=14° the base vehicle moment becomes negative and the
elevon deflections become negative to produce a positive pitch moment to trim. The upper body-
flaps also deflect negative while the lower body-flaps move closer to zero to help trimming.
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Surface & Engine Deflections/ Thrusts, Lifting-Body Aircraft Descent Trajectory
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Performance Parameters along the Trajectory

From the Trim main menu select option-6 to analyze the vehicle static stability and performance
parameters along the descent trajectory. Before evaluating the vehicle performance, however, the
program needs to know the mixing-logic matrix that combines the 7 surfaces together in order to
control roll, pitch, and yaw, and the control authority strongly depends on this matrix. The matrix
KmixT130a is selected from file "Kmix.Qdr". We must also define the maximum *oynax and £Bmax
dispersion angles, which are both set to 2° in this case and the maximum air-speed variation £V,,,=30
(feet/sec).

Select one of the following options Exit | OK |

. Plot Aero Coefficients, Derivatives, and Control Surface Increments

. Plot Trajectory Parameters Versus Time from the Trajectory File ".Traj"

. Trim the Effector Deflections to Balance the Vehicle Moments and Forces
. Create an Effector Mixing Logic or a TVC Matrix (Kmix)

. State-Space Modeling of the Flight Vehicle at Selected Times

. Performance and Stability Parameter Plots Along Trajectory Time

. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects

. Moments at the Hinges of Control Surfaces Along the Trajectory Time e o . . .

. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis @ A(TX 3) Mixing Logic Matrix is required

10. Contour Plots (Mach versus Alpha) for Performance, Control Authority Analysis

11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions

12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

[T=T - S R I T

The Mixing Logic Matrix translates the Flight Control (Roll,
Pitch, Yaw, Ax, Ay, Az} demands to Effector commands
(Aero-Surface, TVC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
(Kmix) from the Systems File: Kmix.gdr, or let the program Maximurn Aero Disturbances
calculate it

Select a Mixing Matrix
from Systems File

The control effectors must be capable of varying the vehicle
angles of attack and sideslip (typically 3-5 deg) from their
When you create a new Mixing Logic you have the option of trim values.

adjusting the participation of each effector in the Create a Mixing Matrix
combination matrix. Maximum contribution is 100%. Select | Using All Effectors at Enter the worst expected alpha and beta dispersions in
this option for 100% participation from all effectors. 100% Participation {deg), and also delta-velocity in (ft/sec) from trim that must

be controlled by the effectors, and click OK.

There are times, however, when you want to reduce their

contributions. Plus some effectors are only used for Create a Mixing Matrix Maximum 2.0000 Maximum 2.0000
Trimming and not for Control. Their participation should be by Adjusting the Alpha (deg] Beta (deg) ok

N I ) Eff Contributi
set to 0% in the effector combination calculations. ector Contributions Maximum Change in Velocity due 0000
to Wind in [feet/sec) :

,

Select one of the following Matrices from the Systems File View Matrix | Cancel | Select Matrix

KMIXT130 : Mixing Logic for Lifting-Body Aircraft, Descent from Vertical Take-Off T=130 sec
KMIXT130B - Mixing Logic for Lifting-Body Aircraft, Descent from Vertical Take-0Off, T=150 sec [bef)
EMIXT1304 - Mixing Logic for Lifting-Body Aircraft, Descent from Vertical Take-Off, T=130 sec [aftr)
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Rotational Control Authority |[dQ/dQmax|<1 Against +Vmax & -Vmax Veloc Variations
15 = '

<>
{

Rotation Control Authority [dQ/dQmax|<1 for 2 (deg) of Alpha & Beta Variation
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.05

-.05
-.10
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ONAWNROSNWAND
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Time (sec)
The control authority against omax and PBmax Variations is good in the pitch and yaw axes. In the roll
axis, however, it is not that great, but it was expected because of the dihedral lifting-body shape. It
means that it will be a little sensitive to winds in roll, but still able to be maneuvered to its
destination. At 60 seconds it is also sensitive to airspeed variations because the control effort exceeds
1. This is because the dynamic pressure drops to zero at this point and makes the aerosurfaces
ineffective. This is also obvious in the maximum acceleration figures that show the control
acceleration dropping to zero. It means that you have to rely on the RCS during this short period, for
control and also to perform the 180° pitch maneuver (from facing up to facing down). The LCDP is
good after 70 seconds, but it is transitioning between positive and negative at times between 50 and
68 seconds, which makes it unreliable for roll control. This is another reason having to rely on RCS for
roll control during this period. The bank angle (¢) for landing with Bmax cross-wind disturbance is
acceptable.
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Contour Plots Analysis

“Contour-plots” is the 10™ option in the Trim main menu and it allows us to check some of the most
important performance parameters over the entire Mach versus Alpha range. As we already
mentioned, these parameters depend on the effector mixing-logic matrix so we must, therefore,
select again matrix KmixT130a from file "Kmix.Qdr".

The first two contour plots show the pitch and lateral stability parameter (T2-inverse) in the entire
Mach versus alpha range, and they are similar. The trajectory is shown by the dark line beginning in
the lower right-hand corner where alpha is 2° and Mach is 0.65. The stability parameter is negative in
both pitch and lateral indicating that the vehicle is stable with a short-period and a Dutch-roll
resonance beginning at 3 (rad/sec) and temporarily dropping to zero in the white neutrally stable
region on the left side. This is where the vehicle reaches its highest altitude and the speed is reduced
to zero. The trajectory continues as the vehicle begins to drop and it terminates with an alpha of 8°
and a Mach of 0.45. The short-period resonance does not exceed 4 (rad/sec) but the Dutch-roll
resonance temporarily exceeds 5 (rad/sec).

The LCDP ratio which is a measure of dynamic roll controllability was adjusted by the mixing-logic
matrix to achieve positive LCDP values when the vehicle is descending, that is, when the y angle is
negative, or at times t>68 sec. A different mixing-logic matrix is needed for times t<68 sec. The
control authority in pitch and yaw is very good in both directions because the magnitude of the
control effort is much less than one. The control authority, however, in roll is marginal.
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