F-16 Fighter Aircraft

In the following example we will use the Trim program to analyze stability and performance of the F-
16 fighter aircraft in various flight conditions along a couple of trajectories from take-off to landing.
The aircraft has a single engine with a thrust that can vary from zero to 28,000 (lb). It is controlled by
three aero-surfaces: an Elevon, an Aileron and a Rudder. The aerodynamic and mass-properties data
were obtained from Brian L. Stevens and Frank L. Lewis book "Aircraft Control and Simulation". The
trajectories perform several types of maneuvers in various speeds, angles of attack, and bank angles.
We will use the Trim program to evaluate vehicle performance, trim-ability, stability, and maneuver-
ability along two trajectories. We will also use the Flixan vehicle modeling program to create dynamic
models in different flight conditions that will be used for flight control system design and analysis.
Then we will design state-feedback control laws for a range of angles of attack and dynamic
pressures. The analysis will be completed by creating a non-linear 6-dof simulation in Matlab/
Simulink, which uses the control laws by interpolating the gains as a function of alpha and dynamic
pressure.
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The files for the F-16 analysis example have already been created in the proper format and they are
saved in directory "C:\Flixan\Trim\Examples\F-16 Fighter Aircraft". There are two trajectory files
there. The first trajectory is in "Roll_Pitch_Man.Traj", where the aircraft takes-off, reaches level flight,
performs a 180° roll flip, then a 180° pitch maneuver, and it descends to land. The second trajectory
is in file "Circle_Man.Traj", where the aircraft takes-off, reaches level flight, banks 40° to the right,
maintains a steady and coordinated turn for a few minutes, and then it descends to land. The file
"F16.Engn" contains the engine parameters. The engine is defined as throttling with 15,000 (Ib)
nominal thrust, but it can throttle up and down £97% from nominal. It is not gimbaling and the thrust
direction is perfectly aligned with the vehicle x axis. The engine mass, inertia, and moment arm
parameters do not apply in this case because the engine does not gimbal. The aero coefficients for
the base vehicle are in file "F16.Aero". The data were created at 3 Mach numbers, 5 angles of sideslip
(B), and 51 angles of attack (o). The coefficient increments for the 3 aero-surfaces are in file
"F16.Delt". They are created for the same numbers of Mach, alpha, and beta, and for 18 surface
deflections from zero. The damping derivatives are in "F16.Damp", and they correspond to the same
Mach numbers and alphas as the basic coefficients data. The mass properties are in file "F16.Mass"
which contains two sets of data: a heavy set and a light set. The mass properties data should always
be in descending weight order. There are no hinge moment and aero uncertainties data in this
example.
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1. Plotting the Aero Data

Let us begin the Flixan program by choosing the project folder that contains the F16 data and
selecting the appropriate files, as shown.

.
Select a Project Direcbnr__A e |

C:WFlixan\Trim\Examples'F-16 Fighter Aircraft

[» . Robustness IFL *
|, Text
[+ 1. Time_Sim

. Trim

4 | Examples
[» .. Air Launched Vehide B

4| . F-16 Fighter Aircraft |
|, Docs
|, F1& Simulation (6-dof)
|, Mat_anal
|, old -

1

ok || cancel |

From the Flixan main menu select "Analysis Tools" then from the drop-down menu select "Flight
Vehicle/ Spacecraft Modeling Tools" and from the menu on the right choose "Trim/ Static
Performance Analysis", as shown below. Then from the Trim filename selection menu choose the F16
data files described earlier, and from the (.Inp) and (.Qdr) filename selection menu choose the default
files, as shown, because we don't need those yet.

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

File Edit | Analysis Tools | View Quad Help

Flight Yehicle/Spacecraft Modeling Tools J Flight Vehicle, State-Space
Frequency Control Analysis L Actuator State-Space Models
Robust Control Synthesis Tools J Flex Spacecraft (Modal Data)
Creating and Modifying Linear Systems Create Mixing Logic/ TVC

Trirn/ Static Perform Analysis
Flex Mode Selection




Select One Data File from Each Menu Category

-

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

caiegory, (some of the caiegories are oplonal).

Mass Properties Surface Hinge Moments
IFIE.Mass d IND DATA FILE |

Aero Damping Derivat

IFlE.Damp |

Trajectory Data
IRDII_Pitch_Man.Tra. |

|

Basic Aero Data Propulsion Data . . . .
Erter a File Mame containing Erter a File Mame containing
IFlﬁ-AEFD j IFlﬁ-E”E” j the Input Data [xexlnp) the Quadruple D ata (s Cdr)

INewFiIe.Inp MewFile. Qdr

Contr Surface Aero Coeff Aero Uncertainties -
MewFile. qdr

IFlE.DeIt | NO DATA FILE -

Slosh Parameters

INO DATA FILE |

| Create Mew Input Set I Exit Pragram Select Filez

:

Select one of the following options

. 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 8 Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

IR T RSOy

The Trim main menu comes up showing the 12 options available in the Trim program. Select the first
option to take a look at the aero data before beginning the analysis to make sure they were properly
read. From the following menu select the vehicle mass, Mach number, alpha, and beta, as shown.
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Select a Vehicle Mass, Mach Mumber, Alpha, and Beta from the lists below I
and click "Select" select
Vehicle Mass Mach Number Angle of Attack Angle of Sideslip
(slug) (deg) (deg)
636.86 0.5000 0.00
323.00 0.2000 2.00 - -12.0
B36.86 3.00 -5.00
0.8000 4.00
5.00 5.00
6.00 [ [120
7.00
3.00
Q.00
-

The menu below shows the various aero-data plotting options in Trim, which are longitudinal aero
coefficients and their derivatives versus alpha, lateral aero coefficients and their derivatives versus
beta, and aero-surface increment coefficients versus surface deflections, plus their derivatives.

|

Plot the Pitch or Lateral Aero Coefficients and Derivatives ‘

Versus the Angles of Attack, Sideslip, or Surface Deflection in QK
(degrees)

Exit

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 first plot shows the longitudinal aero coefficients of the base vehicle (Ca, Cm, Cz) with the surface
deflections at zero. The second plot shows the lateral aero coefficients (Cl, Cy, Cn).
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The next two plots show the pitch derivatives with respect to alpha versus alpha, and the lateral

derivatives with respect to beta versus beta.

Pitch Moment Derivative, Cm_alpha
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Pitching Moment Increment, Cm(d)

The next two plots show the Elevon and Aileron coefficient increments as a function of surface

deflections.
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2. Checking the Trajectory Data

It is also important to take a look at the trajectory data before beginning the analysis. So after
returning to the Trim main menu, select the second option which is for "Plotting the Trajectory
Parameters Versus Time" and click the "OK" button.

| 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-5pace 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)

W g0 = an i oda oo [N

The following plots show the trajectory parameters, as a function of time, which are read from the
selected trajectory file "Roll_Pitch_Man.Traj". The first plot shows the CG location during the flight,
which does not vary in this case. The next plot shows a which is initially positive for the aircraft to
gain altitude. It changes sign when the aircraft is flying up-side-down in order to maintain level flight.
The sideslip B is zero during most of the flight. The short beta transient occurs at 140 sec, during the
180° roll flip. The flight path angle y is positive while the aircraft is climbing. Then it remains close to
zero as the aircraft maintains level flight. The transient at around 140 (sec) is due to the roll flip.
During the pitch maneuver, which occurs at 270 sec, the flight path angle rotates 180° and the
aircraft is eventually descending with a y close -178° towards the take-off sight (equivalent to y=-2° in
the opposite direction).

On the top of each plotting window there is a horizontal menu bar that includes several options. If
you click on "Next Plot" it will move to the next trajectory data plot. If you click on "Exit Plots" it will
go back to the Trim main menu shown above.
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Copy Format:  Send to:  Graphic Options  Mext Plot  Exit Plots

Vehicle CG in (feet), F-16 Aircraft Roll and Pitch Maneuver
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Copy Format:  Send to:  Graphic Options  Mext Plot  Exit Plots
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Copy Format:  Sendte:  Graphic Options  Mext Plot  Exit Plots

Velocity, Dynamic Pressure, F-16 Aircraft Roll and Pitch Maneuver

Veloc (ft/s)

Mach Number

Q-bar (PSF)

100 150 200 250 300 350 400 430 500 290 600
Time (sec)

The above plot shows the aircraft velocity, Mach number, and dynamic pressure which follow the
same trend. The take-off speed is about 240 (ft/sec). The speed increases to a peak as the aircraft
climbs to 12,000 (ft). It drops slightly due to the 180° roll and it maintains a constant speed up-side-
down. Then it briefly climbs to 14,000 (ft) causing the speed to dip to 250 (ft/sec) as it performs the
180° pitch maneuver. Then the aircraft loses a lot of altitude causing the speed to peak to 650
(ft/sec). The speed gradually begins to drop as y gets closer to horizontal and the aircraft descents
towards landing. It finally lands at about 240 (ft/sec), same as its take-off speed.

The engine thrust is 20,000 (lb) during take-off. It is reduced significantly during level flight and it is
almost zero during landing. The normal acceleration is -1g during level flight or +1g when the aircraft
is up-side-down. The side acceleration is zero, except for the yaw transient occurring during the roll
flip. The axial acceleration follows the thrust profile. It briefly becomes negative due to drag at high
speeds.
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Copy Format:  Send to:  Graphic Options  Mext Plot  Exit Plots

Vehicle Altitude, Mass, Bank Angle, F-16 Aircraft Roll and Pitch Maneu
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Copy Format:  Sendto:  Graphic Options  Mext Plot  Exit Plots

Aero LiftYDrag Forces, Eng. Thrust in (Ib), F-16 Aircraft Roll and Pitch Man

Thrust Force
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Lift Force
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Copy Format:  Send to:  Graphic Options  Mext Plot  Exit Plots

Sensed Acceleration in (ft'sec”2), F-16 Aircraft Roll and Pitch Maneuver
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Accel-Y
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Copy Format:  Send to:  Graphic Options  Mext Plot  Exit Plots

Angular Rates (rad/sec), F-16 Aircraft Roll and Pitch Maneuver
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3. Trimming Along The Trajectory

This vehicle has 4 controls: a variable thrust engine and 3 aero-surfaces. We must now trim the
controls to match the accelerations defined by the trajectory. After returning to the main menu select
option (3) which trims the effectors. In the following menu do not select an initialization file (.Trim)
because it is the first time and there aren't any initialization files yet. The next menu is for selecting
the degrees-of-freedom to be balanced. In this case we want to balance the three moments plus the
axial acceleration.

,

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

. 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 Lo o~ oo IR

-

Select A Filename from Menu

You can Initalize the Trim Angles
Using Previous Trim Runs. Select a
(* Trim) File to Initialize, or "No
Select" for Zero Initialization.

Circle_an. Trim i —
Cicle_Man1 . Trim Select File| . How Many Directions to be Balanced ? =

Roll_Pitch_Man. Trim

Bl Fitch Mard Tri How many vehicle accelerations are to be balanced by
HEII_F':tEh_M :22'1-::2 using the control effectors (three rotations is often select
Roll Pitch_Man.Trim SIFETETE,

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

The following plot shows the engine thrust, elevon, aileron, and rudder deflections needed to trim
the vehicle along the trajectory. The aileron and rudder deflections are zero because the vehicle has
lateral symmetry. The effector deflections and throttle value versus time are saved in file "Roll-Pitch-
Man.Trim". This file will be used in the analysis that follows.
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3. Trimming with CG Variations

The Trim program allows the user to modify some of the trajectory parameters in order to evaluate
the vehicle's response to parameter dispersions, such as: CG variations, angle of attack or sideslip
variations, dynamic pressure, accelerations, Mach number, or to introduce an external disturbance
force or moment for analyzing engine misalignments or failures, etc. This can be done graphically by
manipulating the trajectory curves directly on the screen by using the mouse. In this case we would
like to check if the vehicle has enough control authority to trim with CG variations along the aircraft x
and y axes. Return to the Trim main menu and select option (2) again to plot and modify the
trajectory. From one of the trajectory plots, go to the horizontal top menu bar and click on "Graphic
Options", and then from the vertical pop-up menu select the option "Modify a Trajectory Plot Using
the Mouse".

- ~

=y Trajectory Parameters

Copy Format:  Send to: | Graphic Options | Next Plot  Exit Plots

Magnify a Rectangle Section of the Plot

Ve Meodify a Trajectory Plot Using the Mouse d Pitch Maneuver

17282 Restore Original Trajectory/ Trim Data

-17.284 - Select Time to Create State-Space System
-17.286
-17.288
-17.290
-17.292
-17.294
-17.296
-17.298
-17.300

Xcg

OO0 e e e ———————————————————————————
00008 -

00006
00004
00002

Yecg

- 00002
- 00004
- 00006
- 00008
-.00010

5
1208 |-

1.206
1.204
1.202
1.200
1.198
1.196
1.194
1.192

Zcg

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (sec)

We will now modify two of the trajectory parameters, one parameter at a time. The following menu
shows the trajectory parameters that can be modified by the user. Select the CG location along the Y
axis and click on "Select a Variable to Modify". A plot of the Y-CG location versus time appears in the
window-dialog shown below. The Y-CG travel is shown by the green curve and originally it is zero. We
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shall use the mouse to modify it in a couple of time periods and shift the curve five feet towards the
right wing. The modified Y-CG travel is shown by the yellow line in the second dialog/plot below. It

was modified to 5 (ft) in the time ranges between 30-230 sec, and between 500-600 sec.

& Modify the Trajectory Variables [ = |
[This curve shows the time history of the selected
1 trajectory variable. This profile can be modified
C G Locatlon A Ion g Y, (ch )'1 (ft) ieraphically by repeated adjustments using the
UU 1 U ‘ mouse.
|| Medify Trajectory [ia—taA pecify a range between two points on the curve to
! e resh. d. Place the cursor at a point on the
0008 y [Trajectory modifications are used for evaluating the rve and dick.the mouse to select point [A), and
wehicle performance under dispersed conditions. hF" se.lect point (B} sh?wn by red dn:ts. The
'some variables can be modified graphically using the id-point (purple dot) is found and highlighted.
0006 mouse. This does not destroy the original trajectory
which can be restored later. e mid-point may be shifted vertically to a new
ion. Click again to define a new shape between
0004 Angle of Attack, alpha, (deg) and B. You may repeat several times as needed.
Angle of Sideslip, beta, (deg) hen you have finished reshaping the curve you
Dynamic Pressure, Q_bar, (psf) ay "Continue With Another Variable to Modify".
0002 Mach Number, (Mach), (—)
Roll Rate, (P), (deg/sec) |
5i the Modified Traject:
Pitch Rate, (Q), (deg/sec) et —— —
0 Yaw Rate, (R), (deg/sec) . 3 . 5 |
Accelerat. Along X, (Ax) (ft/sec2) Continue with Another Variable to Modify
Accelerat. Along Y, (Ay) (ft/sec”2)
-.0002 Accelerat. Along Z, (Az) (ft/sec*2)
CG Location Along-X (feet)
CG Location Along-Y (feet)
--0004 CG Location Along-Z (feet)
Total Engine Thrust, (Te), {Ib)
- 0006 Disturbance Force along X, Fd-x (Ib}
Disturbance Force along ¥, Fd-y (Ib)
Disturbance Force along Z, Fd-z (1b)
- 0008 Disturbance Moment about X, Ld-x (ft-1b)
Disturbance Moment about Y, Md-y (ft-1b)
Disturbance Moment about Z, Nd-z (ft-1b)
-.0010
0 50 100 150 200 250 300 3
Time (second Exit Menu Select a Variable to Modify |
- B
e e e
This curve shows the time history of the selected
1 trajectory variable. This profile can be modified
CG Locatlon Along Y’ (ch )7 (ft) lzraphically by repeated adjustments using the
mouse.
5 — —_—
specify a range between two points on the curve to
be reshaped. Place the cursor at a point on the
tcurve and click the mouse to select point (A), and
tthen select point (B) shown by red dots. The
mid-point (purple dot) is found and highlighted.

The mid-point may be shifted vertically to a new
location. Click again to define a new shape between
|A and B. You may repeat several times as needed.
When you have finished reshaping the curve you
may "Continue With Another Variable to Modify".

Save the Modified Trajectory

Continue with Another Variable to Modify

100 150 200 250 300 350
Time (seconds)
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Now click on "Continue with Another Variable to Modify", and from the trajectory parameters menu
select the CG location along the X axis. The X-CG location is at -17.29. We will shift it forward a couple
of feet to -15.5 in the time period between 300-400 sec, as shown below. Click on "Save the Modified
Trajectory" and it will be saved in file "Roll_Pitch_Man1.Traj". It then returns to the trajectory plots.

< Modify the Trajectory Variables [ = ]
[This curve shows the time history of the selected
1 trajectory variable. This profile can be modified
CG Location Along X, (Xcg), (ft) e e o
mouse.
iy T Dah‘ _ fecify a range between two points on the curve to
-17.275 . — - | Breshaped. Place the cursor at a point on the
[Traj .Ed"'\’ meodifications are "!“d for E’“'“‘?'}"g the | fve and click the mouse to select point {A), and
wehicle pelrformam:e under‘dlspemed .oondltu.)ns. | len select point (B) shown by red dots. The
Somevaniibles can be modified graph!ca\l\r usl.mg the || -point {purple dot} is found and highlighted.
mouse. This does not destroy the original trajectory
-17.280 \which can be restored later.
mid-point may be shifted vertically to a new
Angle of Attack, alpha, (deg) ion. Click again to define a new shape between
R 7 ! B. You may repeat several times as needed.
Angle of Sideslip, beta, (deg) 3 =
) n you have finished reshaping the curve you
_17.285 Dynamic Pressure, Q_bar, (psf) "Continue With Another Variable to Modify".
Mach Number, (Mach), (---}
Roll Rate, (P), (deg/sec)
Pitch Rate, (Q), (deg/sec) Save the Madified Trajectory |
_17.290 ‘Yaw Rate, (R}, (deg/sec)
: Accelerat. Along X, [Ax) (ft/sec*2) Continue with Another Variable to Modify |
Accelerat. Along Y, (Ay) (ft/sec"2)
Accelerat. Along Z, (Az) (ft/sec*2)
CG Location Along-X (feet)
17295  CG Location Along X (feet) |
CG Location Along-Y (feet)
CG Location Along-Z (feet)
Total Engine Thrust, (Te), (Ib)
17.300 Disturbance Force along X, Fd-x {Ib)
S Disturbance Force along Y, Fd-y {Ib)
Disturbance Force along Z, Fd-z (Ib)
Disturbance Moment about X, Ld-x (ft-1b)
Disturbance Moment about ¥, Md-y (ft-1b)
-17.305 Disturbance Moment about 7, Nd-z (ft-1b)
i i i i i i i
0 50 100 150 200 250_ 300 350 Exit Menu | Select a Variable to Modify |
Time (seconds)
s Modify the Trajectory Variables [ = ]
[This curve shows the time history of the selected
1 trajectory variable. This profile can be modified
CG Locatlon A IO n g X E (Xcg ) E (ﬂ) ieraphically by repeated adjustments using the
mouse.

156 [Specify a range between two points on the curve to
be reshaped. Place the cursor at a point on the
teurve and click the mouse to select point [A), and
ithen select point (B] shown by red dots. The

-15.8 mid-point (purple dot) is found and highlighted.

[The mid-point may be shifted vertically to a new
18 location. Click again to define a new shape between
|A and B. You may repeat several times as needed.
When you have finished reshaping the curve you
may "Continue With Another Variable to Modify".

-16.2

Save the Modified Trajectory |

-16.4

Continue with Another Variable to Modify |
-16.6
-16.8
-17
-17.2
i i i i i i i I I I i
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (seconds)
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i .- h'
*u Trajectory Pam_@lﬂu

Copy Format:  Sendte:  Graphic Options  Mext Plot Bt Plots

Vehicle CG in (feet), User Modified Trajectory ...

I

()

—y

5
5
4
5
3
25
2
5
1
5
0

Time (sec)

The CG variation of the modified trajectory is shown above. The modified trajectory will remain active
in memory for the subsequent analysis until the original trajectory is restored or the program is
restarted. It was also saved by the user in file "Roll_Pitch_CGV.Traj" for safety, because it is
eventually overwritten by new data.

Now click on "Exit Plots", return to the Trim main menu, and select option (3) to trim the effectors as
before. In the following menu do not select an initialization (.Trim) file, and from the menu that
defines the dofs to be balanced select the three moments plus the axial acceleration, like before.
After completing the dispersion analysis the original trajectory can be restored by going back to the
"Graphic Options" menu above and clicking on "Restore the Original Trajectory".
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Select & Filename from Menu

ou can Initialize the Trim Angles
Using Previous Trim Runs. Selecta
[*Trim) File to Initialize, or "No

elect" for Zero Initialization.

Circle_kan1. Trim
Fall_Pitzh_Man. Trim

How many vehicle accelerations are to be balanced by
Foll Fitch Mard Trim using the control effectors (three rotations is often Select

Fioll_Fitch b an2. Trim sufficient)
Rall_Pitzh b an, Trim

’
- - *u How Many Directions to be Balanced ?- g
Circle_Man. Trim
Select File[

Three Rotational Moments Only (No Translational Accelerations)
Three Moments, Plus (1) Translation Acceleration along 2, (Az)

Three Moments, Plus (1) Translation Acceleration along X, (Ax)
Three Moments, Plus (2) Translation Acceleration along X and Z, (Ax & Az)
Three Moments, Plus (3) Translation Accelerat along X, Y and 2, [Ax, Ay, Az)

Surface & Engine Deflections/ Thrusts, User Modified Trajectory ...

25000
20000
15000
10000

Throttle 1

5000

Elevon

Aileron
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Rudder

2-20



The user may also co-plot the two trim files together (nominal plus CG modified). Return to the Trim
main menu and select the last option (12). From the next menu select the ".Trim" type of files and
from the third menu select the two trim filenames. The top one is the modified CG trim file "Roll-
Pitch_Man.Trim" which was just created (blue curve), and the bottom one "Roll_Pitch_Nom.Trim" is
the trim file that was created using the original trajectory (red curve).

, e

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

. 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 R T R ST

’
Select Filenames for Plotting ‘

Select up to three data files from the list below and press
the "Select" button to Plot the data

i N
o A Circle_Man Trim Select

Circle_Mani1 Trim

is is a utility used for Plotting, Overlaying, and Rell_Pitch_ManTrim Cancel
mparing Previously Generated Data Files. Roll_Pitch_ManiTrim |
elect what type of files to plot ? Roll_Pitch_Man2 Trim

Roll_Pitch_Mom Trim

Trajectory Data Files (*.Traj)

Effector Trim Angles or Throttles [*.Trim)
Vehicle Performance Parameters [*.Perf)
Hinge Moments of Aero-Surfaces (*.HiMo)

Exit Select |

The following plot shows the engine throttle (0 to £0.97) and the aero-surface deflections (deg). Zero
throttle represents nominal thrust which is 15,000 (Ibf). The 2 (ft) X-CG forward shift in the period
between 300-400 sec causes an additional -2° elevon deflection. The elevon deflection increases drag
and the thrust is slightly increased to compensate for it. The 5 (ft) Y-CG shift towards the right, in the
periods between 30-230 sec and between 500-600 sec, causes approx 2° aileron and 1° rudder

he current vehicle configuration. Otherwise, plotting
rrors will occur,

EVarning ! The selected data files must be compatible with

deflections.
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Surface & Engine Deflections/ Throttle, User Modified Trajectory ...
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Alpha, Beta, and Bank Angle (phi), Assuming Effectors are Trimmed (deg)

50
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Bank-Angle

=
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——— ——— b b e e e e e e e e e e e e e e e e ]

Alpha

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (sec)

The Y-CG shift also causes approximately 1 (deg) of sideslip beta and a small bank angle (phi).

4. Trimming with Wind-Shear Disturbances

Wind-shear disturbances cause o and 3 variations from the nominal trajectory and the aircraft must
have the control authority required to trim the additional moments and forces along the 4 trim
directions. We define the wind-shear in terms of o and 3 variations from the nominal trajectory
values. Wind-shear is introduced by graphically modifying the a and 3 trajectories from nominal, the
same way we modified the CG in Section 3. From the Trim main menu we must select option (2) again
to plot and modify the trajectory, but first we must make sure that the original trajectory is restored
by going back to the "Graphic Options" menu and clicking on "Restore the Original Trajectory". From
one of the trajectory plots, go to the horizontal top menu bar and click on "Graphic Options", and
then from the vertical pop-up menu select the option "Modify a Trajectory Plot Using the Mouse". A
menu comes up showing the trajectory parameters that can be modified. Select the angle of attack
and click on "Select a Variable to Modify". A plot of alpha versus time appears as a green curve in the
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window-dialog below. Using the mouse this curve can be modified it in a couple of time periods as
shown below. The modified alpha curve is shown by the yellow line below the original trajectory. It
was shifted approximately 5°, to represent the effects of a wind-shear, in the time ranges between
180-240 sec, and between 400-500 sec. Now click on "Continue with Another Variable to Modify",
and from the trajectory parameters menu select the angle of sideslip.

s Modify the Trajectory Variables ModifyTrajecbDLDal [ = ]

) Trajectory modifications are used for evaluating the | fthe time history of the selected
Angle of Attack (alpha) in (deg)

wehicle performance under dispersed conditions. || fle. This profile can be modified
(Some variables can be modified i using the ted adjustments using the
mouse. This does not destroy the original trajectory
mwhich can be restored later.

14

etween two points on the curve to
e the cursor at a point on the
Angle c_rf Sideslip, beta, (deg) :;:m;“;ﬂ:tmtx: o
Dynamic Pressure, Q_bar, (psf} dot} is found and highlighted.
Mach Number, (Mach), (---)

Roll Rate, (P), (deg/sec)

Pitch Rate, (Q), (deg/sec)

Yaw Rate, (R), (deg/sec)

Accelerat. Along X, (Ax) (ft/sec”2)
Accelerat. Along ¥, (Ay) (ft/sec’2)
Accelerat. Along Z, (Az) (ft/secr2)

CG Location Along-X (feet)

CG Location Along-Y (feet)

CG Location Along-Z (feet)

Total Engine Thrust, (Te), {Ib)
Disturbance Force along X, Fd-x {Ib)
Disturbance Force along ¥, Fd-y (Ib)
Disturbance Force along Z, Fd-z (Ib)
Disturbance Moment about X, Ld-x (ft-1b)
Disturbance Moment about ¥, Md-y (ft-1b)

12

10

be shifted vertically to a new

to define a new shape between
repeat several times as needed.
ished reshaping the curve you

h Another Variable to Modify".

he Modified Trajectory |

h Another Variable to Modify |

-4 Disturbance Moment about Z, Nd-z (ft-1b)
-6
Exit Menu Select a Variable to Modify |
-8
T e T T (T T

0 50 100 150 200 250 300 350 400 450 500 550 800
Time (seconds)

s ™
e T ==
[This curve shows the time history of the selected

Angle Of Attack (alpha) II'I (deg) trajectory variable. This profile can be modified

izraphically by repeated adjustments using the
mouse.

Specify a range between two points on the curve to
be reshaped. Place the cursor at a point on the
icurve and click the mouse to select point (A), and
then select point (B) shown by red dots. The
imid-point (purple dot) is found and highlighted.

The mid-point may be shifted vertically to a new
location. Click again to define a new shape between
|4 and B. You may repeat several times as needed.
[When you have finished reshaping the curve you
may "Continue With Another Variable to Modify".

Save the Modified Trajectory I

Continue with Another Variable to Modify |

300 350
Time (seconds)
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“& Modify the Trajectory Variables

[ = ]

-6

-10

Angle of Sideslip (beta) in (deg)

I SRR — Modify Trajectory Data

[Trajectory modifications are used for evaluating the
wehicle performance under dispersed conditions.
(some variables can be modified graphically using the
mouse. This does not destroy the original trajectory
iwhich can be restored later.

Angle of Attack, alpha, (deg)

Angle of Sideslip, beta, (deg)

Dynamic Pressure, Q_bar, (psf)

Mach Number, (Mach), (---}

Roll Rate, (P), (deg/sec)

Pitch Rate, {Q), (deg/sec)

Yaw Rate, (R), (deg/sec)

Accelerat. Along X, (Ax) (ft/sec"2)
Accelerat. Along ¥, (Ay) (ft/sec’2)
Accelerat. Along Z, (Az) (ft/sec”2)

CG Location Along-X (feet)

CG Location Along-Y (feet)

CG Location Along-Z (feet)

Total Engine Thrust, (Te), (Ib)
Disturbance Force along X, Fd-x (Ib)
Disturbance Force along Y, Fd-y (Ib})
Disturbance Force along Z, Fd-z (Ib)
Disturbance Moment about X, Ld-x (ft-1b)
Disturbance Moment about ¥, Md-y (ft-lb})
Disturbance Moment about Z, Nd-z (ft-1b)

Exit Menu

Select a Variable to Modify |

[This curve shows the time history of the selected
trajectory variable. This profile can be modified
izraphically by repeated adjustments using the
MOUSEe.

[Specify a range between two points on the curve to
be reshaped. Place the cursor at a point on the
tcurve and click the mouse to select point {A), and
ithen select point (B) shown by red dots. The
mid-point {purple dot) is found and highlighted.

The mid-point may be shifted vertically to a new
location. Click again to define a new shape between
A and B. You may repeat several times as needed.
When you have finished reshaping the curve you

may "Continue With Another Variable to Modify".

Save the Modified Trajectory |

Continue with Another Variable to Modify |

The original angle of sideslip (green) is mostly zero except for the short transient during the roll flip.
Using the mouse we modify it in a couple of places by shifting it approximately £5° in the time ranges
between 70-130 sec and between 550-600 sec, as shown above by the yellow line. Click on "Save the
Modified Trajectory" and it gets saved in file "Roll_Pitch_Man1.Traj" which was renamed
"Roll_Pitch_abv.Traj". Click on "Exit Menu" and check the modified trajectory, shown below, and

from the top menu bar click on "Exit Plots" to return to the Trim main menu.

= Trajectory Parameters
Copy Format:  Send to:  Graphic Options  Next Plot  Exit Plats

, 4
xnhhone oxhiuonmenoIn

Angles of Attack/Sideslip/Flight Path (deg). User Modified Trajectory

150 200

250 300 350 400 450 500
Time (sec)
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From the Trim main menu now select option (3) to trim the effectors as before, but now with the
wind-shear trajectory. In the following menu do not select an initialization (.Trim) file, and from the
menu that defines the dofs to be balanced select the three moments plus the axial acceleration, like
before. The new trim file is saved by the program in "Roll_Pitch_Man.Trim" which was renamed to
"Roll_Pitch_abv.Trim".

Alpha, Beta, and Bank Angle (phi), Assuming Effectors are Trimmed (deg)
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We now return to option (12) to plot and compare the two sets of data created: the two trajectories
and the two trim files.

,

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 Maneuverahility & Stability at Selected Flight Conditions
12. Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment)

(= RS T R TCR N =

Let us first compare the two trajectory files: the original trajectory in file "Roll_Pitch_Nom.Traj" and
the (a, B) modified in file "Roll_Pitch_abv.Traj". From the data type menu select the trajectory type
of files that have an extension (.Traj) and from the filename selection menu select the two trim files.
The modified trajectory is shown in blue and the original is red. Their main differences are in the
angles of attack and sideslip because of the modification we made.

Return to the menu that plots existing data and now select the trim type of files with extension
(.Trim) and from the filename selection menu select the two trim files, i.e. the original trim using the
nominal trajectory that was saved in "Roll_Pitch_Nom.Trim", and the recently created trim file
"Roll_Pitch_abv.Trim" that includes the trim effects from the wind-shear disturbances. The 5° beta
disturbances cause the vehicle to bank. Near landing the bank angle is about 6°. The aileron and
rudder deflect accordingly to balance the rolling and yawing moments. The alpha disturbances cause
further elevon deflection which is required to balance the pitching moment. The increased drag due
to the elevon deflection is compensated with a slight increase in thrust.
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’
Select Hlenanuﬁm

oo

This is a utility used for Plotting, Overlaying, and
Comparing Previously Generated Data Files.
select what type of files to plot ?

Trajectory Data Files (*.Traj)

Effector Trim Angles or Throttles (*.Trim)
Vehicle Performance Parameters (*.Perf)
Hinge Moments of Aero-Surfaces (*.HiMo)

Exit Select

lect up to three data files from the list below and press
he "Select” button to Plot the data

Circle_ManTraj Select

Roll_Pitch_abwvTraj

Roll_Pitch_CGV/Traj cancel
Roll_Pitch_Man Traj
Temp.Traj

Warning ! The selected data files must be compatible with
the current vehicle configuration. Otherwise, plotting
errors will ocour.

Angles of Attack/Sideslip/Flight Path (deg), User Maodified Trajectory

250 300 350 400 450 500 550
Time (sec)
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Select up to three data files from the list below and press
the "Select” button to Plot the data

is is a utility used for Plotting, Overlaying, and
mparing Previously Generated Data Files.
elect what type of files to plot ?

Trajectory Data Files (*.Traj)

Effector Trim Angles or Throttles (*.Trim)
Vehicle Performance Parameters (*.Perf)
Hinge Moments of Aero-Surfaces (*.HiMao)

Circle_ian Trim Eelect

Circle_Man1Trim
Roll_Pitch_abwTrim
Roll_Pitch_Manl Trim
Roll_Pitch_Man2 Trim
Roll_Pitch_MomTrim

Cancel

Exit | Select

arning ! The selected data files must be compatible with
he current vehicle configuration. Otherwise, plotting
rrors will occur.

Alpha, Beta, and Bank Angle (phi), Assuming Effectors are Trimmed (degq)

300 350 400 450 500 550
Time (sec)

Beta Bank-Angle

Alpha
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Surface & Engine Deflections/ Throttle, User Modified Trajectory ...

0 50 100 150 200 250 300 350 400 450 500 550 600

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (sec)
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5. Performance Evaluation Along the Trajectory

In Section (3) we described a number of parameters that define the vehicle performance, stability
and maneuverability characteristics. These parameters are calculated along the trajectory from the
aircraft data. Before evaluating the performance parameters, however, the Trim program needs to
know how the effectors combine together to control various directions. The mixing logic matrix
defines the effector allocation along the directions that we are trimming, four in this case. We have
already pre-selected a couple of mixing logic matrices for this example and they are located in
systems file "Mix_Logic.Qdr". The first one Kmix_500 was created by the mixing-logic option (4) of the
Trim program at t=500 sec and it includes coupling between the effectors as it attempts to decouple
interaction between the 4 axes. The second mixing matrix KmixO0 is a straight forward logic and it does
not cross-couple the effectors. It simply uses the elevon for pitch, the aileron for roll, the rudder for
yaw, and the engine throttle for axial acceleration control. In this analysis we will first use Kmix0
which does not include cross-coupling. The matrix has 4 inputs for the 4 control demands (3 rotations
plus x-acceleration), and 4 outputs for the 4 effectors (the engine throttle control and the 3 aero-
surfaces). Notice that the matrix scaling is not important because the control authority parameters
are evaluated relative to the effector saturation level.

Gain Matrix for ...

Mixing Logic for F-16 Aircraft (No Coupling)

I This Mixing Logic Matrix Ignores the Dynamic Coupling between the 4 directions.
! It uses the Aileron for Roll, the Elevon for Pitch, the Rudder for Yaw, and

I the throttle control for axial acceleration.

Matrix KmixO Size = 4 X 4
1-Roll 2-Pitch 3-Yaw 4-AX
1-Thr 0.0 0.0 0.0 1.0
2-Row 0.0 -1.0 0.0 -0.0
3-Row -1.0 0.0 0.0 0.0
4-Row 0.0 0.0 -1.0 0.0
Definitions of Matrix Inputs (Columns): 4

P-dot Roll Accel Demand About X Axis
Q-dot Pitch Accel Demand About Y Axis
R-dot Yaw Accel Demand About Z Axis
Ax Forward Accel Demand Along X Axis

Definitions of Matrix Outputs (Rows): 4
Output: 1 Delta(throttle) of Engine
Output: 2 Elevon Deflection (radians)

Output: 3 Aileron Deflection (radians)
Output: 4 Rudder Deflection (radians)

In order to read the matrix file we must restart the Flixan program and from the Flixan main menu
select "Analysis Tools", from the drop-down menu select "Flight Vehicle/ Spacecraft Modeling Tools"
and then "Trim/ Static Performance Analysis", as before. From the Trim filename selection menu
choose the same F16 data files, and from the (.Inp) and (.Qdr) filename selection menu choose the
systems file "Mix_Logic.Qdr", as shown. From the Trim main menu select option (6) which calculates
the performance parameters as it was described in Section (3).
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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

caiegory, (some of the calegories are opional).

Mass Properties

IFlE.Mass |

Surface Hinge Moments
INO DATA FILE |

Trajectory Data
IRDII_P‘itch_Man.Tra_ |

Aero Damping Derivat

|F15_Damp |

Basic Aero Data

IFlE-.AerD |

Propulsion Data

|F15.Engn |

Contr Surface Aero Coeff

[F15.0elt |

Aero Uncertainties

NC! DATA FILE 'I

Slosh Parameters
INO DATA FILE |

Select one of the following options

,

Enter a File Mame containing
the Quadruple Data (R Qdr)

Enter a File Marme containing
the Input Data (s np)

INewFiIe.Inp

M enFile. qdr
MewFile. Cdr

| Create Hew [nput Set I | E xit F'ru:ngraml | Select Files I

Exit |

@ A 4X 4) Mixing Logic Matrix is required

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

7

8

0.

. 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 is used for defining the source of the mixing logic matrix. We will not let the
program calculate one, but we must choose the top option to read an already existing matrix from
file "Mix_Logic.Qdr". We click on the second matrix Kmix0, we first take a look at it, and then select it,
as shown below. You must also select the maximum expected alpha and beta disturbances.

-

Define the Effector Combination Matrix

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

You may either select a pre-calculated Mixing Logic Matrix
(Kmix) from the Systems File: Mix_Logic.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 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
set to 0% in the effector combination calculations.

Contributions

-~

Select a Gain Matrix

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

KMIX_S500 - Mixing Logic for F-16 Aircraft Roll and Pitch Maneuver at Time: 500.00
- Mixing Logic for F-16 Aircraft (Mo Coupling) L,SlZE= 4 X

-R}' Matrix Name | KMIX0 Save Changes

| Exit | | Mixing Logic for F-16 Aircraft (No Coupling)

Inputs lDutputs Matrix Description

This Mixing Logic Matrix Ignores the Dynamic Coupling
between the 4 directions. It uses the Aileron for Roll, the
Elevon for Pitch, the Rudder for Yaw, and the throttle control
for axial acceleration.

Select an Input or Qutput variable frem the menu above and press Edit.
Then you may type in a new description for that variable in the field
above.

Repeat to change other Inputs, Cutputs, or Matrix Elements. Then click on
"Save Changes" to save the new values and titles or Exit the dialog.
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i 5\

Maximum Alpha Capability

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 Ii
Alpha [deg) 50000 Beta [deg) 50000 ok

Short-Period (w)/ Time-to-Double-Ampl-Inverse (/sec), Q_alpha_beta (deg-lb/fth2)

Ptch T2Z2-inv

Yaw T2-inv

2500
2000
1500
1000

Q) alfabet

500

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (sec)

The pitch T2-inverse parameter is mostly positive which indicates that the aircraft is statically
unstable in pitch. The peak amplitude is 2.5 which means that the time-to-double amplitude equal to
0.4 sec, which is acceptable. A little instability improves vehicle maneuverability. In the lateral
direction, however, the T2-inverse parameter is negative which means that it is statically stable. It has
a Dutch-roll resonance varying between 2 to 3.5 (rad/sec). It peaks briefly during the pitch maneuver.
The combined (Q-alpha & Q-beta) normal load due to max alpha and beta peaks to 2,500 (psf-deg),
which is also within range.
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The above plots show the aircraft control authority to react against the max alpha and max beta

Rotation Control Authority (dQ/dQmax)<1 for 5 (deg) of Alpha & Beta Variation

S SO O U S U USSR SO S

e e ]
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (sec)

Translation Control Authority (dX/dXmax)<1 for 5 (deg) of Alpha/ Beta Variation

Pitch Effort Roll Effort

Yaw Effort

dX / dX(Max)

disturbances as they are defined by equations (3.24) and (3.26). The control authority should be less

than 0.5 in all directions. This aircraft has obviously plenty of control authority against the (otmax, Pmax)

disturbances in all 4 directions. The LCDP and the CnB-dynamic they are both very good. The bank

angle (phi) (with a cross-wind shear of 3=5°) is approximately ¢=5° at landing, which is also fine.
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50000
45000
40000
35000
30000
25000
20000
15000
10000

P dot (Max)

600
550
500
450
400
350
300
250
200
150
100

Q dot (Max)

6500
6000
5500
5000
4500
4000
3500
2000
2500
2000
1500
1000

R dot (Max)

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (sec)

Max Linear Accelerat. (ft/sec2), at Max Control Comd F-16 Aircraft Roll and Pit

22.856
22.854
22.852
22.850
22.848
22.846
22.844
22.842
22.840
22.838

X-accel(Max)

These are the maximum accelerations achieved when the controls are maximized.

Let us now repeat the performance analysis using two additional mixing-logic matrices and compare
the performance results between the three choices. We repeat the same process described in this
section 5, but this time we choose the matrix Kmix_500 from file "Mix_Logic.Qdr". This matrix
introduces some cross-coupling between the effectors. It was calculated by Flixan at time t=500 sec,
and it is intended to provide some form of decoupling between axes at this flight condition. In our
third selection instead of using a constant mixing logic matrix from file we click on the second option
from the mixing-logic selection dialog which allows the program to calculate a matrix at each time
step along the trajectory. The performance parameters from the three processes are automatically
saved by the program in files (Roll_Pitch_Man.Perf, Roll_Pitch-Man1.Perf, and Roll_Pitch_Man2.Perf).
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Return to the Trim menu and select option (12) to plot the data. From the file type selection menu
this time select the third option for plotting performance parameters type of data (.Perf). From the
filename selection menu on the right select all three files. The top one is the most recently created
file where the program calculates a variable mixing matrix (blue curve). The middle file was created
with the Kmix_500 matrix that includes effector cross-coupling generated at t=500 sec (red). The
bottom file contains the original performance data created with matrix Kmix0 that has zero cross-
coupling (green). Some of the performance parameters are not affected by the mixing-logic matrix
and they are the same in all 3 cases. The differences between the 3 cases are small but overall the
fixed Kmix0 has some advantage in control authority and in the bank angle with cross-wind.

|

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)

PR

Select Filenames for PIDttTr_‘lg‘

’felect up to three data files from the list below and press

”
PlotPrevious Data
Roll_Pitch_Man.Perf Select

This is a utility used for Plotting, Overlaying, and Roll_Pitch_Man1. Perf
Comparing Previously Generated Data Files. Roll_Pitch_Man2.Perf cancel
Select what type of files to plot ?

he "Select" button to Plot the data

Trajectory Data Files (*.Traj)

Effector Trim Angles or Throttles (*.Trim)
Vehicle Performance Parameters (*.Perf)
Hinge Moments of Aero-Surfaces [ *.HiMo)

Exit | Select

he current vehicle configuration. Otherwise, plotting

arning ! The selected data files must be compatible with
rrors will ocur.
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Max Linear Accelerat. (ft/'sec*2), at Max Control Comd F-16 Aircraft Roll and Pit

X-accel(Max)

The decoupling matrices generated by the Flixan program (both fixed and variable) provide some
additional max acceleration in the roll and yaw directions. Overall, Kmix0 has a little more advantage

in performance, although it does not provide axial decoupling.
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6. Additional Maneuverability Parameters

Option (7) is used for evaluating four additional performance tests which are mainly used for aircraft
maneuverability analysis, although the can also be applied to other types of vehicles. The first check
analyzes the aircraft maneuverability to perform pull-up maneuvers. The second analyzes the roll and
yaw control authority to handle cross-wind during landing and the resulting bank angle. The last two
analyze if the vehicle has the control authority required to handle induced pitch and yaw inertial
coupling effects due to roll maneuvering. The analysis in this case is performed at specific flight
conditions at a selected trajectory time. So from the Trim main menu select option (7) 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)

TRl =S B T T

Like before, the effector mixing logic is needed in the performance calculations. We must read the
mixing matrix Kmix0 that was used earlier. In the effector mixing logic selection dialog click on the top
button "Select a Mixing Matrix from File" to select the matrix Kmix0 from file "Mix_Logic.Qdr", as
before.

Define the Effector Combination Ma_

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: Mix_Logic.qdr, 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 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
by Adjusting the Effector

Trimming and not for Control. Their participation should be (2L
set to 0% in the effector combination calculations. Contributions
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Select one of the following Matrices from the Systems File  View Matrix | Cancel | Select Matrix I

KMIX_S00 - Mixing Logic for F-16 Aircraft Roll and Pitch Maneuver at Time: 500.00
- Mixing Logic for F-16 Aircraft (Mo Coupling) ,SlZE= 4K

The following menu/dialog shows the four maneuverability analysis options, but you must fist enter a
time along the trajectory. In this case we enter 120 sec, which corresponds to level flight before the
180° flip, and click on the "Select Time" button. From the menu we select the top option which
calculates the control authority required to perform a pull-up maneuver from level flight at the
aircraft's max load factor which is 8g, see equation (3.41). In the pull-up maneuverability dialog on
the right, we must enter the aircraft load factor and the control allocation factor which in this case it
is 0.9, meaning that we don't want to use more than 90% of our max pitch control (8Qgcs_max) for the
maneuver, which in this case it is elevon. Click on the "Update Inputs" button and read (in the yellow
fields at the bottom) the delta in control authority (from level flight) and the change in alpha (o)
that is required for the pull-up maneuver at max load. It shows that only 2% of the allocated max
pitch control (8Qgcs_max) is required to pull 8g's, and it does it by increasing the angle of attack da=30°,

see equation (3.42).

(

Yaw Inertial Coupling Moment due to a Loaded Roll Rate (max normal load)

Enter a Pitch Controllability Margin Factor (f).
Typically between (0.4 to 0.95) | 03000

Ratio of Delta_Q / Delta_Q_Max (pitch control

required over maxim pitch control). Mustbe <1 I 0.1337E-M

Increment Delta_Alpha (deg) to achieve the

required load increase from g level flight I 30.03

.
Evaluate Vehicle Maneuverability “w Pull-Up Maneuverability at Maximul Normal Load A g
Entera Time from: { 0.0000 to 61538 ) tDIW Celect | Select Euit The aircraft must have enough pitch control authority to Bl
Evaluate Vehicle Maneuverability ’ Time Optiar Menu achieve its max loading during a nose-up maneuver from level Dialag
flight. The ratio (dQ,/ dO_max) shown below must be less than 1,
Pull-Up Maneuverability Analysis From Level Flight and with an acceptable delta-alpha '-lll:'datte
. . " . - nputs
Landing With a Cross-Wind Analysis (Roll/Yaw Controllability, Bank Angle) . . p a F
. . . . Enter the Aircraft Max Load Factor in (g). It must
Pitch Inertial Coupling Moment due to Roll Rate (about velocity vector) be greater than 1-¢ I 8.000

\ Pull-Up Maneuverability Parameters—————
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Click on "Exit Dialog" and it returns to the previous 4 options menu. This time we will analyze the
vehicle's ability to land with cross-winds. We must first enter a time near landing, 610 sec, and click
on "Select Time". Then we must chose the second option "Landing with Cross-Wind" and click on
"Select Options". In the dialog on the right, we enter the cross-wind speed, which is 20 (ft/sec) and a
controllability margin factor less than one to allow some margin for other functions, and click on
"Update Inputs". The yellow fields at the bottom show that the aileron and rudder control efforts to
counteract the cross-wind are very small. Orders of magnitude below 1 indicating plenty of margin
before it saturates the controls. The bank angle due to the cross-wind is 5.6°, which is acceptable.

"
Evaluate Vehicle Maneuverability *w Landing Analysis with a Cmss-W_ ﬂ
E:;i: :t;i\r.:.le T] ifcrlc':r;'ltar?ﬂrabg?i WBE'SE :ItDI £10.0 Select Select Exit The lateral aircraft design must have enough control authority Esil
Time Option henu to maintain a constant sideslip (beta) near landing with a Dilog
cross-wind. It banks towards the wind at an angle (phi) to
Pull-Up Maneuverability Analysis From Level Flight maintain a zere side-force.
Landing With a Cross-Wind Analysis (Roll/Yaw Controllability, Bank Ang| Upek
ing With a Cross-Wind Analysis (Roll/Yaw Controllability, Bank Angle) The roll and yaw centrols are used to balance the moments Inputs
Pitch Inertial Coupling Moment due to Roll Rate (about velocity vector) and sides|ip force. The effector deflections and the vehicle
Yaw Inertial Coupling Moment due to a Loaded Roll Rate [max normal load) bank angle must be acceptable.
Enter the Aircraft Cross-Wind Speed in (feet/sec) I 20.00

Enter the Roll/Yaw Controllability Margin Factor

). Typically between (0.4 to 0.95] | 0.7000

Landing With Cross-Wind Performance Parameters

Ratio of (Delta_P/ Delta_PMax) Roll Contral over [.GE54E02

maxim Roll Control. Mustbe<1.

Ratio of (Delta_R/ Delta_RMax) Yaw Control aver 01Z8ET
maxim Yaw Control. Must be<1. '

Bank Angle (phi} in {deg) as a result of the
Cross-Wind. It must be less than 6 (deg) I 263
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The third option analyzes the roll to pitch inertial coupling. When the vehicle is rolling about its
velocity vector it produces a pitch torque that has to be taken out by the elevon. Let's choose a
different time and in the RHS dialog enter the angle of attack about which the vehicle is rotating
a=35°, the pitch controllability margin factor (0.7), (meaning that you don't want to allocate more
than 70% of pitch control against roll maneuvering), and click on "Update Inputs". The result in the
yellow field at the bottom shows that the max roll rate about the velocity vector must be less than
166 (deg/sec). This roll rate can be counteracted with up to 70% of the available pitch control
authority (0Qfcs_max)-

Evaluate Vehicle Maneuverability

Enter a Time from: { 0.0000 to 61538 ) to

Euit
Evaluate Vehicle Maneuverability

kenu

Select
Option

10.00 Select
Time

Pull-Up Maneuverability Analysis From Level Flight
Landing With a Cross-Wind Analysis (RollfYaw Controllability, Bank Angle)

Pitch Inertial Coupling Moment due to Roll Rate {about velocity vector)
¥Yaw Inertial Coupling Moment due to a Loaded Roll Rate (max normal load)

> —
& Roll_Stability Rate to Pitch Moment Inertial Coupling [

.

A vehicle must possess sufficient nose down pitch authority to overcome
the nose up inertial coupling moment at high angles of attack due to
rolling about the velocity vector V. The roll rate p_stab must not exceed the
value below

Enter the Aircraft Angle of Attack between (0 and I
90) degrees. Max Pitch Moment is at 45 (deg)

Enter a Pitch Controllability Margin Factor.
Typically between (0.4 to 0.95) I 0.7000

3000 [ Update
Inputs

Exit

The Roll Rate about the velocity vector (Stability 1EES -
Rate) in (deg/sec) should be less than this === I : Dialog
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The fourth option analyzes the fighter aircraft capability to roll under maximum normal load. During
such a loaded pullout maneuver there is a significant amount of yawing moment generated due to
inertial coupling that has to be taken out by the yaw effector which is the rudder. We would like to
find out what is the max roll rate under peak normal load that the aircraft is able to achieve within
the allocated rudder control authority. Let us initialize from a level flight condition at t=120 sec.
Choose the fourth option "Yaw Inertial Coupling due to a Loaded Roll" and click on "Select Option". In
the RHS dialog we must enter (in the cyan fields): the angle of attack during the pull-out (4°), the yaw
controllability margin factor (0.5), meaning that you don't want to allocate more than 50% of yaw
control (8Rcs_max) for this maneuver, which is rudder in this case. You must also enter the aircraft
maximum normal load factor, which is (8g). Click on the "Update Inputs" button and read (in the
yellow field at the bottom) a max roll rate of 5639 (deg/sec). This is the maximum pullout rolling rate
under max load that can be achieved without exceeding the allocated rudder authority, which is
plenty of roll rate. This completes the additional maneuverability tests.

b i b
Evaluate Vehicle Maneuverability 4 Pitch and Roll Rates to Yaw Moment Inertial Coupling ﬁ
Enter a Time from: ( 0.0000 to 61538 )to 1200 Select Select Exit The yaw controller must possess adequate authority to overcome the
Evaluate Vehicle Maneuverability ’ Tirne Option Wenu yaw inertial coupling moment during a rolling pullout maneuver at
max normal loading. The roll rate must not exceed the value below.
Pull-Up Maneuverability Analysis From Level Flight Enter the Aircraft Angle of Atack between
Landing With a Cross-Wind Analysis (Roll/Yaw Controllability, Bank Angle) (0 and 90) degrees. | 4.000 Lllrfsme
Pitch Inertial Coupling Moment due to Roll Rate (about velocity vector) abil
. . Enter a Yaw Controllahility Margin Factor.
Yaw Inertial Coupling Moment due to a Loaded Roll Rate {max normal load
pine ( ) Typically between (0.4 to 0.95) 0.5000
Enter the Aircraft Maximum Load Factor in
(g). It must be greater than 1g 2000
LN

The Max Roll Rate at Max Normal Load Nz E”it
(fully loaded roll) must be less than this in 533 Dialog

(deg/sec) ===
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7. Analysis Using Contour Plots

Contour plots are 3-dimensional plots that give us a broader perspective of some important aircraft
performance parameters, versus Mach and Alpha, rather than in the vicinity of a trajectory.
Occasionally the vehicle may deviate from its target alpha and Mach trajectory or we may want to
observe its performance over the entire alpha versus Mach envelope, and to make sure that the
envelope does not include any regions of unacceptable performance. It requires the selection of an
effector combination logic. In this case we select again the matrix Kmix0 from file "Mix_Logic.Qdr"
(discussed earlier), which does not provide any decoupling between the axes. So we have to make
sure that this matrix file is selected when starting Flixan. In general, the mixing logic matrix generated
by the Flixan algorithm optimizes the control authority of the effector system, but it does not
necessarily optimize all vehicle performance parameters and sometimes we may chose a different
matrix. Return to the Trim menu, select option (10) which creates the contour plots, and from the
dialog that selects an effector combination matrix chose the top option to read a matrix from the
systems file, and from the matrix selection menu chose matrix Kmix0, as before. You must also enter
the alpha and beta dispersions that define the wind-shear disturbance. Enter 5° for both.

' N

Select one of the following options Exit | OK I

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) ( Maximum Alpha Capability - )

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

6. Performance and Stability Parameter Plots Along Trajectory Time The control effectors must be capable of varying the vehicle

7. Landing and Pull-Up Maneuverability, plus, Inertial Coupling Effects angles of attack and sideslip (typically 3-5 deg) from their

2. Moments at the Hinges of Control Surfaces Along the Trajectory Time trim values.

9. View and Modify Vehicle Data (CG, MRC, TVC, Surfaces) for Dispersion Analysis Enter the maximum expected alpha and beta dispersions
from trim in (deg) that must be controlled by the effectors,

11. Vector Diagrams for Maneuverability & Stability at Selected Flight Conditions I EER I

12, Plot and Compare Previous Data Files (Traject, Trim, Perform, Hinge Moment) Maximum ooog Maximum e pees

Alpha (deg) Beta (deg)

~
Define the Effector Combination Ma_

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

‘'ou may either select a pre-calculated Mixing Logic Matrix
{Kmix) from the Systems File: Mix_Logic.qdr, 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
idjusting the participation of each effector in the Create a Mixing Matrix
mbination matrix. Maximum contribution is 100%. Select Using All Effectors at
his option for 100% participation from all effectors. 100% Participation

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 to 0% in the effector combination calculations. Contributions
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|

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

KMIX_S00 - Mixing Logic for F-16 Aircraft Roll and Pitch Maneuver at Time: 500.00

- Mixing Logic for F-16 Aircraft (No Coupling) LelZE= 4K

From the contour plots selection menu, shown below, we must select one of the performance
parameter that will be presented as a contour plot against Mach and Alpha. The first parameter is the
pitch stability parameter that was described in equations (3.14 & 3.15). The trajectory curve is shown
by the black line across the Mach versus Alpha field. It starts at T=0 sec in the upper left hand corner
where the aircraft takes-off with (0=13.5°, Mach=0.2) and it ends at T=615 (sec) also in the upper left
hand corner, where it lands with (a=-14.5°, Mach=0.2). The pitch stability parameter is the third
dimension which is represented by color. The color code is shown on the right. Overall, the aircraft is
statically unstable in pitch (maneuverable) with a T2-inverse parameter not exceeding 2.5 sec’’. In the
lateral direction the stability parameter is negative (stable) showing the Dutch-roll resonance varying
between 2 to 4 (rad/sec). The LCDP ratio is very good, mostly in the yellow and in the white region
which is close to one (meaning good roll control and turning capability). The roll control effort is in
the white region, meaning that it takes a negligible amount of aileron control to counteract a $=5° of
wind-shear. The pitch and yaw control efforts are also very small (mostly in the light yellow and the
white regions). It means that a wind-shear that causes (a & )= 5° has a very small impact on the
control-surfaces.

,
T

Select one of the Following Contour Plots to Display K
vehicle Stability, Performance and Controllability as a
Function of Mach Number and Alpha Exit

Pitch Stability, T2-Inverse 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)
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Pitch Stability Contour Plot (Mach vs Alpha)
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] 5«
-10 Very Unstable
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Lateral Stability Contour Plot (Mach vs Alpha)
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I oz
12
B 5<z<4
10 [ 4<z<3
8 [ 3<<22
2 <Z< -1
~ (5] I )
(@)] 1 <Z<05
8 4 05<7<-02
e’
© 2 0.2<Z< 02
-g_ o 02<Z< 05
E [ 05<z<1
-2
B 1<z<2
-4 B 2 <<
-6 B 3 <z<4
4 <7< 5
-8
] 5«
-10

Very Unstable
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Roll Departure (LCDP) Contour Plot (Mach vs Alpha)
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Alpha (deg)
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Pitch Control Effort Contour Plot (Mach vs Alpha)

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

(-) Stop Limit

B oz<+

I -1 <Z2<-0.7
0.7 <Z<-05
-0.5<Z<-0.3
0.3 <Z<-0.1
-0.1 <Z<-0.05
-0.05 <Z<-0.01
-0.01<2<0.01
0.01<Z<0.05
0.05<Z<0.1

B 01<z<03

B 03 <z<05

B 05<z<07

B o7<z<1

i<«

(+) Stop Limit

Alpha (deg)

-8

-10

Yaw Control Effort Contour Plot (Mach vs Alpha)
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8. Analysis Using Vector Diagrams

Vector diagrams is a graphic method for analyzing vehicle controllability at specific flight conditions,
where we visually compare the disturbance effect on the vehicle in 2 directions against our control
capability in the same directions and evaluate if the vehicle has sufficient control authority to
counteract the disturbance moments and forces. It is not just a magnitude comparison but it also
allows us to observe the directions of the controls and disturbances due to winds. They help us
evaluate the orthogonality of our control system, the acceleration magnitudes due to the controls
and winds, and if the effector system control authority dominates over the disturbances along the
control directions. Since our vector plots are limited to 2 directions we typically need several vector
diagram plots in order to analyze the control authority in multiple directions. We will analyze a couple
of cases along the 180° flip trajectory. The first case is a few seconds after take-off and the second
one is just before landing. Return to the Trim main menu and select option (11) for creating Vector
Diagrams, and enter a flight time to analyze, 8.0 sec, right after take-off.

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 < B I = B R S ]

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: [ 00000 to B15.33 ] toAnalvze Yehicle

Cantrallability 0k

| 2.0

The menu/dialog that follows highlights the default aircraft mass (slugs), Mach, alpha, and beta (deg)
that correspond to the flight time that was selected. You may keep those parameters or change them
to something different. In this case we select the default values and click on "Select". In the following
dialog enter the maximum disturbance dispersion angles due to the wind shear (Bmax and dmax)=10°,
and in the effector combination dialog choose the top button to select the (4x4) effector combination
matrix Kmix0 from file "Mix_Logic.Qdr", as shown. This matrix converts the 4 acceleration demands
to surface deflections and throttle commands. It is not designed to decouple the 4 control axes.
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Select the Hlm

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)

| | 02000 | 100 0.00
823.00 0.2000 (100 PNEEE

0.5000 110 -5.00
0.8000 120
13.0 5.00
14.0 12.0
15.0
16.0
17.0
18.0

Ao i

The control efiectors 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 @ A 4K 4) Mixing Legic Matrix is required
from trim in {deg) that must be controlled by the effectors,
and click QK.

Maximum Maximum
A laeg) | 100D REIT, [ 1000
e e tecrconmmmenier I

The Mixing Logic Matrix translates the Flight Control (Roll, . .
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands SEI=E T NIy I'H'I_atrl}(
(Aero-Surface, TVC, and Throttling). e S s (=
You may either select a pre-calculated Mixing Logic Matrix

(Kmix) from the Systems File: Mix_Logic.qdr, 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 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 Effectar
set to 0% in the effector combination calculations. Contributions

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

KMIX_500 : Mixing Logic for F-16 Aircraft Roll and Pitch Maneuver at Time: 500.00

KMIXD - Mixing Logic for F-16 Aircraft (No Coupling)
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From the vector diagrams top menu bar we may select the type of vector diagrams. Click on "Select Vector
Diagrams" and from the vertical pop-up menu select "Accelerations per Max Controls, and Accelerations per
Max Alpha/Beta". The first diagram below shows the full roll/ yaw acceleration range achieved from tmax
aireron control (green) and also from +max rudder control (blue). They are nicely orthogonal to each other
showing good controllability in both roll and yaw. The roll and yaw moment vectors due to (0max and Prax)
disturbance are not visible because they are too small. The second diagram shows the range in pitch and axial
accelerations produced from tmax elevon control (blue) and also the range in pitch and axial accelerations
produced from zmax throttle control (green). Full throttle from its current level would produce +0.45g
acceleration while zero throttle produces 0.7g negative acceleration along the x axis. Also an increase in alpha
produces a positive x and pitch delta-accelerations (solid red vector). The third diagram is showing the yaw and
side accelerations (7 and y) produced from full tmax rudder control (green vector), and also the accelerations
produced by (B, disturbance (red). The fourth diagram shows the axial and normal acceleration changes (¥
and Z) produced from full +max throttle control (blue vector), and also the accelerations produced by (0tyay)
disturbance (red). An increase in alpha (solid red vector) causes -Z and +X acceleration changes.

e S
| Copy Farmen. Send b e Plet _Ext Plets 1] | copyromue sende: Sesect vectorDagram  Nestflot o
GO Pa e e e lerations and Max Accels due to Beta (red) Comparison Between Maximum Control Accelerations and Max Accels due to Alpha (red)
ROl B Y2 mscrmentittphaverss MomerasConrt oll/ Yaw Control and due to Max Beta Pitch Accelerat and Axial X-Accelerations due to Max Confrol and due to Max Alpha
r - Vehsele Acceler pos Sccel Demand Rabos + — — — e — L
& | |
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200 | 2 !
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% 100 |- ieoe -y S — 5 4l |
B ool - = '
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=40
A5 |
=50 |
60 - - 2
-6 -4 -2 0 2 4 B -8 -5 -4 =2 1] 2 4 ]
Y-ddot (g) X-ddot (g)
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Similarly, the four vector diagrams below show the normalized (non-dimensional) moments and forces. From
the vector diagrams top menu bar click on "Select Vector Diagrams" and from the vertical pop-up menu select
"Moments/Forces per Max Controls, and Moments/Forces per Max Alpha/Beta". The top diagram shows the
full range of roll and yaw control moments produced by maximizing the aileron and rudder deflections from
max negative to max positive. The blue vectors correspond to the tmax rudder and the green vectors to the
tmax aileron deflection. They are orthogonal to each other (which is good). The positive control vectors are
represented with solid lines and the negative control vectors are dashed lines. The second diagram shows the
axial force coefficient against the pitching moment coefficient (non-dimensional). The blue vectors show the
variations due to £tmax elevon deflection, and the green vectors show the variations in the coefficients due to
+max engine throttle variation. We see that the aircraft is trimmed in pitch because C,,,=0. The nominal axial
force coefficient is Cyx=0.42. It can be varied by the throttle control from 0.13 to 0.6. The red vectors represent
the variations in axial force and pitching moment due to (0max=+10°). The third diagram shows the yawing
moment coefficient (Cn) against the side force coefficient (CY). The green vector shows the moments and
forces produced from full #max rudder control. The red curve shows the forces and moments generated by
(Bmax=t10°). The fourth diagram shows the normal force coefficient (CZ) against the axial force coefficient (CX).
The blue vector shows the x-force variation produced from full +max engine throttle control. It does not couple
in the z direction. The red curve shows the x and z forces generated by (0tma=110°).
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The next 2 vector diagrams show the partials of control moments/forces per flight control
acceleration demands. From the vector diagrams selection pop-up menu select "Moments/Forces
per Alpha/Beta, versus Moments/Forces per Control". The first diagram shows the roll and yaw
moment partials per roll and yaw control demands (Oaileron & Orudder). The green vector is (Cld,;, Cnday)
and the blue vector is (Cld,udd, CnNdrudd), as defined in equations (8.3 & 8.4). The roll and yaw moment
partials per sideslip (CI & Cn[3) are too small in comparison with the control vectors and they are not
visible. The second diagram shows the pitch moment and axial force partials per pitch and axial force
control demands (Oelevon & Ox). The green vector is (CXOx, Cmdy) and the blue vector is (CXelev,
Cmoeley), as defined in equations (8.1 & 8.2). The control partials are nicely decoupled from each
other. The red vectors show the partials due to alpha variations (CXa,, & Cma), which are small.
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The 2 vector diagrams below are obtained using the 4th vector diagrams type "Accelerations per
Acceleration Demands". In this example, however, we did not use the mixing logic algorithm to create
a decoupling and diagonalizing matrix, as in other examples. The accelerations per acceleration
demand partials, therefore, are not unity and vectors and they are not orthogonal to each other as

seen in other examples.
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Now let us take a look at a different flight condition near landing at t=614 sec. Return to the main
menu, select again option (11), enter the flight time, and the default aircraft mass, Mach, alpha, and
beta that correspond to the flight time that was selected.
, .
Select a Time from: [ 0.0000  to B19.38 | to Analyze Wehicle
Cantrollability

14

OE.

-
Select the following para_

Select a Vehicle Mass, Mach Number, Alpha, and Beta from the lists below
i " Select
and click "Select
WhiEIIEMESS Mach Number Angle of Attack Angle of Sideslip
(slug) (deg] (deg)
636.86) | 0.2000 | 140 0.00
823.00 (120 [NETH
636.86 0.5000 150 -5.00
0.8000 16.0 oo
17.0 5.00
18.0 12.0
19.0 i
200 L4
210
220 -

The following diagrams show the maximum variation in pitching moment and angular acceleration,
and the maximum variation in x and z forces and in linear accelerations produced by the variation of
the two longitudinal controls: tmax elevon control and tmax throttle control. The axial force
coefficient is Cxp=0.1 near landing and the throttle control is near zero. So there is only positive
throttle control available that can provide 0.7g change in axial acceleration at full throttle. A full
positive elevon deflection creates almost twice as much positive moment and angular acceleration
than a full negative elevon deflection. Either positive or negative elevon deflections (from nominal)
cause an increase in drag (-CX) and negative x-acceleration. Also a decrease in alpha (red dashed
vectors) causes a reduction in CX (increase in drag) and an increase in CZ (-normal force).
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The next 2 vector diagrams show the partials of control moments/forces per flight

control

acceleration demands which are similar to those obtained from the take-off flight condition.
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The 2 vector diagrams below were obtained using the "Accelerations per Acceleration Demands"
vector diagrams type. In this example, however, we did not use the mixing logic algorithm to create a
decoupling and diagonalizing mixing matrix, as in other examples. The accelerations per acceleration
demand partials, therefore, are not unity and vectors are not orthogonal to each other as seen in
other examples.
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Now let us repeat the landing analysis by allowing the program to calculate a decoupling mixing logic
matrix instead of using Kmix0. Return to the main menu, select option (11) again, the same flight
time, and the default aircraft mass, Mach, alpha, and beta that correspond to 614 sec. From the
effector combination dialog now select the second option that allows the program to calculate its
own mixing matrix at 100% effector participation.

i T

I'I1we Mixing Logic Matrix translates the Flight Control [Roll,
Pitch, Yaw, Ax, Ay, Az) demands to Effector commands
[Aero-5urface, TVC, and Throttling).

You may either select a pre-calculated Mixing Logic Matrix
[Kmix) from the Systems File: Mix_Logic.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
djusting 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 CFEEFE E_MiHiHE Matrix
Trimming and not for Control. Their participation should be by Adjusting the Effector

set to 0% in the effector combination calculations. Contributions
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The following plots show the accelerations at max control. Notice how the roll and yaw accelerations
due to maximizing the aileron and rudder are now perfectly aligned with the roll and yaw axes. Even
the x-acceleration is better aligned with the x-axis.
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The moment partials with respect to control demands also look better aligned with the body axes.
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The greatest advantage, however, by allowing the program to calculate the effector combination
matrix is in the "Vehicle Accelerations per Acceleration Demand Ratios" vector diagrams. These are
ratios of accelerations achieved per accelerations demanded in specific directions. The following two
diagrams show acceleration partials per acceleration demands. The first diagram shows the pitch
acceleration per pitch acceleration demand perfectly aligned with the horizontal axis and the x-
acceleration per x-acceleration demand aligned with the vertical axis. Their magnitudes are one,
which means, that the accelerations achieved are equal to the demanded accelerations and they are
completely decoupled from each other. The same result is also true in the roll and yaw accelerations
per roll and yaw acceleration demands diagram. They are also unity vectors and perfectly decoupled
from each other. These diagrams confirm the capability of the effector mixing logic to properly scale
and decouple the four control accelerations from each other by counteracting the dynamic coupling
inherited in the aircraft mass properties.
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9. Creating Dynamic Models for Control Design

We will now use the Flixan and Trim programs to generate dynamic models for the F16 aircraft at
four different flight conditions and in the next two section we will design flight control laws and test
them using a non-linear 6-dof Matlab simulation. We selected four flight times that cover a wide
range of angles of attack, both positive and negative. The times are: 130, 210, 252, and 600 sec,
which correspond to alphas: +3, -5, -10, and +10 (deg). The aircraft uses 4 effectors which are the 3
aero-surfaces and the throttle control. The engine throttle, however, is controlled directly by the pilot
and it is not connected to the flight control system. So the engine throttle control input will not be
used in the control design and the engine is taken out from the Flixan input data and from the state-
space models. So let us resume the analysis by restarting the Trim program. Select the same files as
before, and make "F16_T600.Inp" to be the Flixan input data file that will contain the aircraft data,
plus other Flixan related model building data. Re-trim the surfaces, if you have not done it already, to
make sure that you are using a current trim condition with the proper trajectory.

i« N

Enter Filenames

Enter a File Mame containing Enter a File Mame containing
the Input Data [sx=.np] the Quadruple Data [x==.0dr]
F16_TEOD Inp |h-1i:-:_Lu::giu:.qdr
MewFile.lnp
MewwFile. qdr
MewFile.Qdr
| Create Mew Input Set | Exit Program ‘ Select Filez |

—

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 using the mouse click at time=600 sec,
along the horizontal axis, and confirm that you have selected the correct time by clicking "OK" in the
bottom dialog. Otherwise, click "Cancel" and try again.
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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-S5pace 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)

1
2
3
a
L
7]
i
a8
a9

e roeneen

Copy Format:  Send to: | Graphic Options | Mext Plot  Exit Plots

Magnify a Rectangle Section of the Plot

Modify a Trajectory Plot Using the Mouse Fllg ht Patr
Restore Original Trajectory Trim Data

Select Time to Create State-Space System

Using the Mouse select a Time-Slice to Create an Input
Data Set for the Flight Vehicle Modeling Program

i _____________ N You have Selected Trajectory Time= 60005  sec
: : to Create Input Data for State-Space Modeling




The program is now ready to create a dynamic model at the selected time. The Flixan dialog below
displays the flight vehicle parameters prepared by Trim and extracted from the aircraft data files. The
data is separated into groups that can be accessed by clicking in the appropriate tabs. It is currently
showing the elevon surface data. The user can modify some of the data or titles in this dialog before
saving it. You must click on "Update Data" after any modifications. Do not run it yet because there is
more work to be done and more data to be included in file F16_T600.inp. Click on "Save in File" and
the vehicle data will be saved in file "F16_T600.Inp", under the title "F16 Aircraft Roll and Pitch
Maneuver/ T=600 sec". The file "F16_T600.Inp" will be processed by Flixan to generate the dynamic
systems for control design and analysis using Matlab/ Simulink. In addition to the vehicle data the
input file contains also system interconnection and modification data related to this analysis that will
also be processed by Flixan. The systems generated by Flixan will be saved in file "F16_T600.Qdr".

-

Flight Vehicle Parameters

Yehicle Spstem Title

F-16 Aircraft Roll and Pitch Maneuver/ T= 600 sec Edit Input Fie | Bl
Mumber of ¥ehicle Effectors Mumber of 5ensors Modeling Options [Flags) Update Data | Run |

Include TailWags-Dog? M Include Turm Coardin
Rotating Contral Surfaces. 3 [WITH TwD Accsleromet ’T Stahbility A xes withaut Turn Coardir

Include T ailw agz-Dog?

Fleaction Aero-Elasticity Options Attitude Angles
wheels? Momentum Control Devices Ao Yanes 0

) Include GAFD, H-param Structure Bending 0
SI.I"IQ|E Inclu_c_le a J-anes ez Flex Coupl. data onl Integrals of Ratex
Gimbal 0 Stailized Double Extemal 0 Meither Gafd nor Hpa LWLH Attitude Fuel Sloshing: a

ChGe? Gimbal CMG System? Torques

i i i WITH T/ Output Rates in Turn Coordination 7
Gimbaling Engines or Jets. ’1— m Bmes ’T P! Save e

Number of Modes

=

o

Reaction Wheels ] Single Gimbal CMGs ] Double Gimbal ChG System ] Slewing Appendages ] Gyros ] Accelerometer] Aero Sensors ] Fuel Slosh ] Flex Modes ] Uszer Motes ]
Mass Properties ] Trajecton Data ] Gust/ Aero Paramet. ] Aero Force Coeffs ] Aero Moment Coeffs  Control Surtaces ] Gimbal Engines/ RCS ] Extemnal Torques ]

This Yehicle has 3 Control Surfaces Control Suriace No:> T = =] Surface Definition
Mest Surface

Surace Fi.otation_ ..i\ngles Surface Location (Y] and Hinge Orentation Angles (deg)

Surface Trim Position [deg) -0.8541300 Cantral Surface Mazs: Properties

Lqrgest Prasitive Deflection fram 4500000 s -42.00000 Contal Surface Mass in 5000000
Tiim (deg) Yes [ 0.000000 Phics | 0000000 (Shugs]
Zes

Largest Negative D eflection from -45.00000 Momert of Inertia about | 1 500000
Trirn [deq) 0.000000 Lambda_cs 0.000000 Hirge [zlug-it™2)

M b & (feet],
Aero Force Dervatives 5;?:2; CEimhLT-Ieir]uge 1.3000000

Contral Force Deriva
Codshs [0133300E-02  Ca_debadat | 0000000 gt Gurfoss Doflectin '[3fontl]r°| Sutface Cherd [~ 5 000000
[1/deq) and Control Force =8
Cy_delta 0.000000 Cy_deka_dot 0.000000 Derivatives due to Surface Control Surface 20.00000
Codela [O7G0000CEDZ  Co deha dot | Ooooomn o (1/dea/sec) Reference Area (it 2)

Hinge Moment Derivatives

Ao boment Denvatives Chm_Alpha 0.000000  Hinge Moment
Control Moment Derivatives Derivatives “.”'_th esneet
Cl_delta 0.000000 CL delta_dot 0.000000  due to Surface Deflection Chr Beta | 0000000  toChangesin: Alpha,
[1/dag] and Control Beta, Surf Deflection

Cr_deba [-09BEE000E-02  Cr_delta dot |  0.000000 Ve Befehes die i Chm Deta | 0.000000  (1/deg) and changes in
Surface Rate [1/dearzec) Mach Number
Cn_delta 0.000000 Cr_delta_dot |  0.000000 Chm_Mach |  0.000000
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We will skip the full preparation of the input file because it is beyond the scope of this example. Let

us now take a look and see what is in file "F16_T600.Inp" before processing it in Flixan. The file

contains several sets of data and each set corresponds to and it is processed by a Flixan utility. Flixan

will create systems and matrices that will be used for control design in the next section using Matlab.

1.

At the top of the file there is a batch set used for processing the data-sets in batch mode. This
is faster because it processes them all together, instead of individually. Its title is "Batch for
Modeling the F-16 Aircraft at T=600, alpha= +10 (deg)".

Below the batch there is a flight vehicle data set that corresponds to the flight condition that
we have just created. Its title is "F16 Aircraft Roll and Pitch Maneuver/ T=600 sec (Body axis)".
Its output rates are in body axes and it is used in a linear simulation that evaluates the control
gains during the LQR design and helps to adjust the weights.

The next set is also flight vehicle data, same flight condition as above, but the output rates (ps
& rs) are defined in stability axes rather than in body axes. The turn-coordination flag is also
turned "on" in this model, which means that the turn-coordination feedback from the bank
angle ¢ to the yaw rate (which is software and not physics) is included in the dynamic model.
This model is used to create LQR design state-space models that include the turn-coordination
feedback. It means that the state-feedback gains generated by the LQR take into
consideration that the lateral flight control system the will include a turn-coordination
feedback, and the gains are anticipating it. Its title is "F16 Aircraft Roll and Pitch Maneuver/
T=600 sec (Stability Axis Model)".

The next two system modification sets create the design plants for the LQR method which will
be performed in Matlab. They are extracted from the system created in step-3. Their titles are
"Pitch Design Plant" and "Lateral Design Plant".

The last three data-sets in the input data file convert the systems created to Matlab function
format so they can be loaded into Matlab for further analysis. The body axes model is saved in
file "vehi_sim.m". The pitch and lateral design plants are saved in "pitch_plant.m" and
"lateral_plant.m".
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Now let us process this input file using Flixan. Start the Flixan program and select the project folder
"C:\Flixan\Trim\Examples\F-16 Fighter Aircraft\Mat_ Design\Alpha+10". Then go to "Edit", "Manage
Input Files (.Inp)", and "Process/ Edit Input Data", as shown.

” R ——————
“u Flixan, Flight Vehicle Modeling & Control System Analysi-

File | Edit | Analysis Tools View Quad Help

Manage Input Files (*.Inp) ] Create or Edit Batch Data
Manage System Files (*.Cdr) ] Process / Edit Input Data

The following dialog is for viewing and processing Flixan input files. The left menu shows the only
input file in the project directory, which is "F16_T600.Inp". Select it and click on "Select Input File".
The menu on the right side shows the data-sets which are in "F16_T600.Inp". They can be processed
individually, but select the batch set on the top to process them all together and click on "Execute/
View". Flixan will process the input file and create the systems in file "F16_T600.Qdr". It will also
create the Matlab function files.

Process Input Data Files

Faint to &t Input Data Filename: ;
and Click"S elect Input File" The following sets of input data are in file: F16_TEOD.ihp Esit |
F16_TEOD.inp Bun Batch Mode : Batch for Modeling the F-16 Rircraft at T=600, alpha= +10 (deg)

Flight Vehicle : Fle Rircraft Roll and Pitch Maneuver/ T=&00 sec (Body axis)

Flight Wehicle z Fl& Rircraft Roll and Pitch Maneuver/ T=&00 sec (Stability BAxis Model)

System Modifieat : Pitch Design Plant

System Modificat : Lateral Design Plant

To Matlab Format - F16 Rircraft Boll and Pitch Maneuver/ T=800 sec (Body 2Exis)

To Matlab Format : Pitch Design Plant

To Matlab Format : Lateral Design Flant

F1E_TE00.inp

r _v Y
Replace Systems File? A Lﬁj

'@' The systems filename: F16_T600.Qdr

4 i i in?
Sl il | E dit File | L already exists. Do you want to create it again?

Execute/ View [nput Data |

Yes MNo |
Delete Data Setin File | l! !l

Relocate Diata Set in File |

Coarresponds ta flight time= 600 sec. -
Copy to Another File

Wiew Data-Set Comments | i

\ ’,

We must repeat this process to generate aircraft models for the other three flight conditions related
to flight times 130, 210, and 252 sec. The corresponding input data files "F16_T130.Inp", "F16-
T210.Inp", and "F16_T252.Inp" must be placed in the appropriate subfolders in "C:\Flixan\Trim\
Examples\F-16 Fighter Aircraft\Mat_Design" where the control design will take place and it will be
described in the next section.

2-66



10. Flight Control Design

The flight control design is based on the Linear Quadratic Regulator method which is solved in
Matlab. The design is performed in directory: "C:\Flixan\Trim\Examples\F-16 Fighter Aircraft\
Mat_Design". The four Flixan data files (F16_T130.Inp, F16_T210.Inp etc.) that were described in the
previous section are placed in the subdirectories: (T130_Alpha+3, T210_Alpha-5, T252_Alpha-10, and
T600_Alpha+10). This is where they are processed by Flixan as already described to generate the
dynamic models (vehi_sim.m, pitch_plant.m and lateral_plant.m) used in the control design and
analysis. The three systems are moved up one directory to be processed one at a time by the Matlab
script file "LQR_Design.m" which generates the gains.

% LQR Design for the F16 Aircraft
d2r=pi/180; r2d=180/pi;

[As, Bs, Cs, Ds] = vehi_sim; % Load Augmented Simulation Model
[Avp,Bvp,Cvp,Dvp]= pitch_plant; % Load Pitch Design Model
[Avl,Bvl,Cvl,Dvl]= lateral_plant; % Load Lateral Design Model

% Pitch LQR Design Using the 6 Aero-Surfaces

[Ap4,Bp4,Cp4,Dp4]= linmod("Pdes3x"); % 4-state model {q, alfa, alf_integr}
R=0.5; % LQR Weights R=

Q=[0.15 6 3.0]*10; Q=diag(Q); % LQR Weights {q,alfa,alfint}
[Kqg,s,el=1gr(Ap4,Bp4,Q,R) % Kg =[0.05 0.5 0.3]*3

save Kg_an5_Q400.mat Kq -ascil

% Convert Lateral State Vector from Body to Stability Axes, Outputs=States

[Ap2,Bp2,Cp2,Dp2]= linmod("Ldes5x"); % Add the Phi-Integral State

Al2= Cp2*Ap2*inv(Cp2); BI2= Cp2*Bp2; % Transform State-Vector to (p,r)_stability
Cl2= Cp2*inv(Cp2); DI2= Dp2;

% Lateral LQR Design % States: {phi,p,r,beta,phint}
R=[2,1.5]*10; R=diag(R); % LQR Weights R=[1,1]

Q=[2 0.01 0.01 0.001 0.1]; Q=diag(Q); % LQR Weights Q=[1 1 1 0.04 0.04]*0.4
[Kpr,s,e]=1qr(Al12,B12,Q,R) % Perform Lateral LQR design

save Kpr_an5 Q400.mat Kpr -ascii
% Body to Stability Transform Parameters

ge=32.174; V0=400; alfa=10; Thet0=10;
calfa=cosd(alfa); salfa=sind(alfa);

The pitch state-space plant has only one input, the elevon. The original model consists of two short-
period states (q & a), and it is augmented in the Simulink file "Pdes3x.Mdl" to include a-integral.
Similarly the lateral state-space plant which originally consisted of 4 states (¢, ps, r, & B) it is
augmented in the Simulink file "Ldes5x.MdI" to include ¢-integral. It has two control inputs: the
aileron and the rudder. Notice that the lateral design plant, although its output rates are in the
stability axes, its states are still in the body axes. The states are easily transformed to stability before
applying the LQR algorithm, and the output matrix C becomes unity.

The selection of the positive-definite weight matrices Q & R is an iterative process requiring a few
trials and adjustments. A simple linear simulation model "LQR_Sim.mdI" is used to evaluate the state-
feedback gains and to make sure that they are neither too high, resulting in a high bandwidth system
and requiring very big surface deflections, nor too small where the system response becomes
sluggish. This Simulink model is shown in Figure (1) and it includes the pitch and lateral plants
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uncoupled (from files "pitch_plant.m" and "lateral_plant.m") with their state-feedback loops closed.
In the simulation model the pitch system is commanded with an ang=1 radian, and the lateral system
is commanded with a ¢.mg= 1 radian. This was an initial test, uncoupled, and it does not include all the
states because the phugoid mode is missing, plus the rate measurements come in the body axis and
not in the stability axis. So we need a better gain evaluation model.

¥ LQR Sim = =]

File Edit View Simulation Feormat Tools Help

DEzE&E &6

3 lZI} |Norrna| j rn alfa L

Simple Simulation Model for Testing the LQR Gains
(Only Short-Period, No Phugoid)

@«—

phi

Laters| Design Plant

¥ = Ax+Bu
4 > ¥ =Cx+Du

lateral_plant.m

¥

[F— Time offset: 0

bet Int
State-Feedbadk Gain
K*u |=
Kpr
i SR
alfa_cmd u phl
lIl = 5| @ oA
Fitch Design Plant % @@'@ ﬁ% ¥
pitch_plant.m I [
L
x'= Ax+Bu
Fj—<Ha g v _
elevn r2d o ___ aliem >
I"irt
alfa Int2
State-Feedbacdk Gain
K=u |4
Kg
Ready 100% |

Figure 1 Simple Simulation Model "LQR_Sim.mdl" for an Initial Evaluation of the State-Feedback Gains

The linear Simulink model in file "LQR_Sim2.mdl", shown in Figure (2) is more efficient in analyzing
the system's response to the roll and pitch commands. It uses the coupled pitch and lateral dynamics
from file "vehi_sim.m" where the output rates are in the body axis, plus it includes also the phugoid
states (0V & dh). The rates must, therefore, be transformed to stability axis because the state-
feedback expects stability rates. The transformation block is shown in Figure (3). It includes also the
turn coordination feedback terms which are functions of the bank angle (¢).
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Figure 2 Linear Simulation Model "LQR_Sim2.mdI" for a Better Evaluation of the State-Feedback Gains

Body to Stability Axes Transformation
(Including Turn-Coordination)
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phi b,_
calfa
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Figure 3 Body to Stability Axis Transformation Including also Turn Coordination
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Dynamic models and state-feedback control gains were generated by the "LQR_Design.m" file at four
different alphas: -10, -5, +3, +10 (deg), and also at 3 separate dynamic pressure/ velocity pairs: (100,
250, 400 psf) / (200, 400, 600 ft/sec). A total of 12 sets of (1x3) pitch gain matrices (Kq) and 12 sets of
(2x5) lateral gain matrices (Kpr) were obtained. The separate matrix files are placed in subdirectory
"Mat_Design\Gains" where they are combined into 4-dimensional matrices: Kq(1:4:3:4) and
Kp(2:5:3:4) by the Matlab script file "FCS_mat.m", show below. The first two subscripts correspond to
the matrix row and column subscripts. The third subscript corresponds to the 3 dynamic pressures,
and the fourth to the 4 angles of attack. These gain matrices will be used and interpolated in the non-
linear 6-dof simulation that will be described in detail in the following section.

% Combines the separate pitch and lateral matrices Kg_ and Kpr_

% into single four-dimensional matrices Kq(:,:,:,: ) and Kpr(:,:,:,: )
% as a function of dynamic pressure and alpha, and saves them in FCS_Gains.mat
clear all

load Kg_apl0 Q100 -ascii; load Kpr_aplO0 Q100 -ascil

load Kg_anl0 Q100 -ascii; load Kpr_anlO Q100 -ascili

load Kg_ap3_Q100 -ascii; load Kpr_ap3 Q100 -ascili

load Kg_an5_Q100 -ascii; load Kpr_an5 Q100 -ascili

load Kg_apl0 Q250 -ascii; load Kpr_aplO Q250 -ascil

load Kg_anl0 Q250 -ascii; load Kpr_anlO0 Q250 -ascili

load Kg ap3 Q250 -ascii; load Kpr_ap3 0250 -ascili

load Kg_an5_ Q250 -ascili load Kpr_an5_ Q250 -ascili

load Kg_apl0 Q400 -ascii; load Kpr_aplO Q400 -ascili

load Kg _anl0 Q400 -ascii; load Kpr_anlO Q400 -ascil

load Kg_ap3_ Q400 -ascii; load Kpr_ap3_Q400 -ascili

load Kg_an5 Q400 -ascii; load Kpr_an5 Q400 -ascili

Kg(:,:, 1,1)=Kg_an10_Q100(:,:); Kpr(:,:, 1,1)=Kpr_anl0_Q100(:,:);
Ka(:,:, 1,2)=Kg_an5_Q100(:,:); Kpr(:,:, 1,2)=Kpr_an5_Q100(:,:);
Ka(:,:, 1,3)=Kg_ap3_Q100(:,:); Kpr(:,:, 1,3)=Kpr_ap3_Q100(:,:);
Ka(:,:, 1,4)=Kg_ap10_Q100(:,:); Kpr(:,:, 1,4)=Kpr_apl0_Q100(:,:);
Ka(:,:, 2,1)=Kg_an10_Q250(:,:); Kpr(:,:, 2,1)=Kpr_anl10_Q250(:,:);
Ka(:,:, 2,2)=Kg_an5_Q250(:,:); Kpr(:,:, 2,2)=Kpr_an5_Q250(:,:);
Ka(:,:, 2,3)=Kg_ap3_Q250(:,:); Kpr(:,:, 2,3)=Kpr_ap3_Q250(:,:);
Ka(:,:, 2,4)=Kg_apl0_Q250(:,:); Kpr(:,:, 2,4)=Kpr_apl0_Q250(:,:);
Kg(:,:, 3,1)=Kg_anl10_Q400(:,:); Kpr(:,:, 3,1)=Kpr_anl0_Q400(:,:);
Ka(:,:, 3,2)=Kg_an5_Q400(:,:); Kpr(:,:, 3,2)=Kpr_an5_Q400(:,:);
Kag(:,:, 3,3)=Kg_ap3 Q400(:,:); Kpr(:,:, 3,3)=Kpr_ap3_Q400(:,:);
Ka(:,:, 3,4)=Kg_ap10_Q400(:,:); Kpr(:,:, 3,4)=Kpr_apl0_Q400(:,:);

save FCS_Gains.mat Kpr Kq
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11. Non-Linear 6-dof Simulation for the F-16

The F-16 simulation model described here is implemented using the Matlab program and the
Aerospace Block-Set/ Simulink toolbox. The aerodynamic and mass-properties data were obtained
from Brian L. Stevens and Frank L. Lewis book "Aircraft Control and Simulation". The flight control
system used is a simple state-feedback derived by the LQR method. The aircraft design models were
obtained from Flixan, as already described in sections (9 & 10). The simulation model is set up to
perform two separate maneuvers: (a) a take-off to level flight, followed with a 180° roll, then a 180°
pitch maneuver, and then descent and landing, and (b) a take-off to level flight, followed by a steady
40° coordinated turn, descent and landing. The maneuvers are controlled by 3 built-in command
signals representing the pilot controls, which are: alpha-command, roll-command, and throttle-
command, see Figure (4). There are two sets of signal generator commands for the two maneuvers.

Figure 4 Pilot Commands for the 180° Roll and Pitch Maneuver

The F-16 simulation files are in folder "C:\Flixan\Trim\Examples\F-16 Fighter Aircraft\F16 Simulation
(6-dof)". The Simulink model is in file "F16_6dof Sim.MdI" shown in Figure (5). A lot of the simulation
subsystems are "off-the-shelf" Simulink models. It is initialized by the m-file "init.m" which initializes
the speed, angle of attack, mass-properties, aero-parameters, thrust models, and the flight control
gains. When the simulation is complete the file "pl.m" plots the simulation results.
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F-16 Aircraft 6-dof Non-Linear Simulation
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Figure 5 F-16 Simulation Model in File: "F16_6dof_Sim.MdI"

Figure (6) shows the calculation of the environment variables in detail. Figure (7) shows the
calculation of the engine and aerodynamic forces and moments which are applied to the vehicle. The
aero moments depend also on the CG location relative to the location of the MRC. Figure (8) shows
the calculation of: alpha, beta, velocity, dynamic pressure and Mach number. Figure (9) shows how
the aerodynamic coefficients are calculated as a function of: Mach, alpha, beta, and surface
deflections. The coefficients consist of two parts: (a) the aero coefficients of the base vehicle (blue
block) plus (b) the increments from the aero-surfaces as a function of their deflections from zero
(yellow block). The yellow block in fig. (9) is shown in detail in fig. (11) consisting of three aero-
surfaces (elevon, aileron, and rudder). It calculates the increments in the base coefficients (CA, CY, CZ,
Cl, Cm, Cn), as a function of: Mach #, alpha, beta, and surface deflections. Figure (12) shows the
calculation of the Elevon increments in detail. The aerodynamic coefficients for the base vehicle (at
zero deflections) are loaded from file "Base Aero_Coeff.m". The coefficient increments due to
surface deflections are loaded from files " Elevon.m", "Aileron.m", and "Rudder.m".
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Figure 7 Moments and Forces due to Aero and the Engine Thrust

2-73

Wind Models
Wind Velocity
ug.vg,wg 4b~®
Wind Angular Rates
E‘} - - ititude P3.93.13 4’@
h
—P' Airspeed b
Altitude DCM A T[] ans
—- irspesd D vo —b
—.. Attitude
(O[] ]
down Clogk time Vo
Down rangs
o —>[]
T (R} W
_, (aw] at El
o ”’ ~ = (fs)] {2)
®——P lul - (ft) % Speed of Sound
= | S S| Lpg = =B (O—> =]
o omgd angular
_’_ p{slug."f'ta:' acoeler
oSS Air Dy ity
#-Rng range COESA Atmosphere Model o
DCM %
—
Inertisl to Body
Matriz Fa
IE_[:I—D wlh () {TE;TC?IS:E‘:ies:l g (s . () Multiply | @
e
Gravity in Earth ~ Reshape Gravity Forces
Axes ley.z)
WGESE4 Gravity Model
Figure 6 Environment Model
Moments and Forces due to Aero and Engine Thrust
Engine Thrust N
. Agro-Forcoes
wersus Time Faero
Thst > — ﬁ-’
=
= L: -
' orce
) N Tyz L 4
Aero coefficients c K —FE
(CH,CYCZ,C1.Cm.Cn) ”:'i .
@ I GDEfm e = HY.E
& »O 0
- Cynamic Pressure N
@ L Force —= Aco Acceler
gbar Y .E
pCE \ 4 E'
Center of Gravity Moy .’@ ."@
plus WVariation . ix zef 0 0] | »cE LMMN tho=
[*_og. ¥y_og. z_og] - Axyz
Moments Reference Center Astodynamic —FE
[MRC} in {feet) Forces and Moments Moments



Vb

Incidence, Sideslip

& Airspeed
Alpha bet Incid
S Aipha > 3
L ses
=5 v T Mach
Wind Velocity 1 % -z LEED F@
Speed of Scund Mach Mumber ,—FE
T gbar __.,, Mc
! p‘l.l’z 'C :I
-_'* e : » SEor Mach
Air Density Crynamic Pressure o
=
rates mach
ﬁ —> ]
Obar
p
“ - : Cba
p.Q.r N = g "‘I::-El:
— =] gt

Wind Angular

Rates

par

Figure 8 Alpha, Beta, Speed, Mach, and Dynamic Pressure Calculation
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Flight Control System

The flight control system is shown in detail in Figure (10). It consists of two state-feedback loops, (a)
the pitch state-feedback that uses pitch rate, alpha-error, and integral of alpha-error, and (b) the
lateral state-feedback that uses roll error, roll and yaw stability axes rates, beta, and integral of roll
error. The rates are measured in the body axes and they are converted to stability axes as a function
of the angle of attack, see Fig. (11). This reduces beta and the side loads when the vehicle performs

roll maneuvers.
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The lateral state-feedback gains were designed using

ghi sin
lateral design models that have output rates defined in @—P
stability axis and they also include turn-coordination

s
feedback logic, as it was already described in Section (10). -32.174 o (73
The figure shows the turn-coordination block. It commands g _ Rif
a yaw rate as a function of the bank angle ¢ according to Divide

the equation: Rys = Visin(p . It uses a gravity component fi/s
0

to counteract the centripetal side-force due to turning.

The control law gains were calculated based on Flixan models that were generated in section (9) at
different angles of attack and dynamic pressures. A matrix of pitch and lateral gains were created in
section (10) for the following range of alphas: [-10, -5, +3, +10] and for the following range of dynamic
pressures [100, 250, 400]. The pitch and lateral multi-dimensional gain matrices (Kq) and (Kpr)
respectively are loaded from file "FCS_Gains.Mat" during initialization. These matrices were created
in the control design section 10. In the simulation the control gains are interpolated as a function of
alpha and dynamic pressure. The interpolation is implemented in the Matlab function "FCS.m",
shown below.

function Dgpr= FCS(Alfa,Qbar, ul,u2)

% Implements State-Feedback Control Laws

% ul Is the pitch state-feedback variables [qg,alfa,alfa-integr]

% u2 is the lateral state-feedback variables [phi,p,r,beta,phi-integr]
global Kgq Kpr

% Design Alphas: [-10, -5, +3, +10]

if (Alfa< -5) la=int8(1); la2=la; a=1; da=0;

elseif (Alfa>=-5) & (Alfa<0) la=int8(2); la2=int8(3); a=2; da=(Alfa-5)/5;
elseif (Alfa>= 0) & (Alfa<5) la=int8(3); la2=int8(4); a=3; da=(5b-Alfa)/5;
elseif (Alfa>= 5) la=int8(4); la2=la; a=4; da=0; end

% Design Qbars: [100, 250, 400]

if (Qbar< 150) Ig=int8(1); g=1; dQb=0; Ig2=Iq;

elseif (Qbar>=150) & (Qbar<300) Ig=int8(2); g=2; dQb=(Qbar-225)/75;
if (dQb>=0) 1g2=int8(3); else 1g2= int8(1); end

elseif (Qbar>=300) Ig=int8(3); g=3; dQb=0; 1g2=Iq; end

dgl= Kq(:,:,1qg,la)*ul; dg2= Kq(:,:,I1q,la2)*ul; dqg3= Kq(:,:,1g92,la)*ul;
dpri=Kpr(:,:,1q,1a)*u2; dpr2=Kpr(:,:,I1q,la2)*u2; dpr3=Kpr(:,:,192,l1a)*u2;

dg= dgql + (dg2 - dgl)*da + (dg3 - dql)*dQb*sign(dQb);

dpr=dprl + (dpr2-dprl)*da + (dpr3-dprl)*dQb*sign(dQb);
Dgpr=[-dg*180/pi; -dpr*180/pi; a:;q];

The Matlab function "Thrust.m" calculates the engine thrust as a function of the throttle command
from the pilot. The thrust is also function of the vehicle altitude, and the Mach number, as defined in
the Stevens and Lewis book "Aircraft Control and Simulation".
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Simulations

We will now show the results from the two simulation maneuvers. The first one is mainly in the pitch
plane. The aircraft takes off at a speed of 155 mph and 13.5 (deg) of alpha, and almost at full power.
It climbs to 12,000 (ft) and flies at constant altitude for a while. At t=140 sec, it performs a 180° flip in
roll and it flies at constant altitude, up-side-down, with a negative alpha for about a minute. Then it
pitches up by increasing its negative alpha to gain altitude and when the speed drops it reverses
alpha to positive, and it performs a 180° pitch maneuver as it loses altitude and reverses its direction.
Then it stabilizes its descent rate y=-2 (deg/sec) approximately and lands not very far from its take-off
site. The pilot commands for this maneuver are shown in Figure (4).

F-16 Fighter Aircraft Non-Linear B-dof Simulation (Roll/Pitch Flip)
15000 T T T T

10000 —

Altitude (ft)

4000 —

o | | | |
-10 -5 0 5 10 15 20
Down-Range (NWQ)

Figure 15.1 Altitude Versus Down-Range from Take-Off to Landing



F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Roll/Pitch Flip)
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Figure 15.2 Flight-Path Angle (blue), and Angles of Attack and Sideslip (deg). It shows the climb, the roll-reversal, the pitch

maneuver, and the slow descent at gamma=-178°
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Figure 15.3 Euler Angles Showing the Roll and Pitch Maneuvers
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F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Roll/Pitch Flip)
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Figure 15.4 Figure shows how the airspeed is reduced prior to the 180° pitch maneuver and direction reversal. The
speed is also reduced prior to landing.
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F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Roll/Pitch Flip)
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Figure 15.5 Altitude and the Downrange versus Time. The altitude drops slightly during the roll flip but it is regained by
adjusting the negative alpha. It drops fast during the pitch maneuver but the rate of descent is stabilized and further
reduced prior to landing. The downrange reaches 20 (NMi) prior to the pitch reversal and then it reduces as the vehicle
returns towards its landing site.

% 10 F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Roll/Pitch Flip)
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Figure 15.6 Throttle Control and Actual Engine Thrust versus Time. The engine thrust is calculated as a function of Altitude
and Mach #, and it is implemented in Matlab function Thrust.m.
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F-16 Fighter Aircraft Mon-Linear B-dof Sirulation (Roll/Pitch Flip)
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Figure 15.7 Surface Deflections are Mainly in the Elevon. The Aileron and Rudder deflect during the Roll Maneuver.
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Figure 15.8 The Axial Acceleration results from the Engine Thrust. The Normal Acceleration during level flight is -32.2 or +32.2 when
the vehicle is up-side-down.
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The second simulation is obtained using another signal generator function "12 (Kft) Level Flight and
Steady Turn Maneuver", see Fig. 13. The beginning part of the maneuver is very similar to the first
one. From level flight it banks 20 (deg) to the right and performs steady turns at level flight. Then it
returns to zero bank, descents and lands at a different site.
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Figure 16.1 Pilot Commands for the Steady Turns Maneuver
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F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Steady Turn)
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Figure 16.2 Altitude Versus Down-Range from Take-Off to Landing

F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Steady Turn)
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Figure 16.3 Down-Range versus Cross-Range showing the Steady Turn Maneuver.

2-85



F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Steady Turn)
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Figure 16.4 Altitude and the Downrange versus time, showing that it maintains an almost constant altitude during the turn. The
altitude decreases at almost constant rate during descent. The Down-Range distance varies as the aircraft performs horizontal

circles.
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F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Steady Turn)
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Figure 16.5 Shows the Euler Angles. The Bank angle is maintained at 40° for approximately 3 min during the steady turn.
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Figure 16.6 Shown the Angles of Attack and Sideslip. The small beta transient occurs during the 40 (deg) roll maneuver. During the
steady turn, however, beta is maintained at zero by the turn-coordination system.
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F-16 Fighter Aircraft Mon-Linear B-dof Simulation (Steady Turn)
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Figure 16.7 The axial acceleration trend follows the engine thrust. The side acceleration (Ay) is maintained at zero during the turn by
the turn-coordination system. The normal acceleration (Az) is close to -32.2 during level flight. It increases, however, to 43 (ft/sec2)
during the turn.
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Figure 16.8 Mach Number and Dynamic Pressure.
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