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A. Introduction

This document is intended to provide the specifications and requirements for a
flight control system design challenge. The response to the challenge will involve
documenting whether the particular design has met the stated requirements through
analysis and computer simulation. The response should be written in the general format
of a technical publication with corresponding length limits, e.g., an approximate
‘maximum length of 45 units, with each full-size figure and double-spaced typewritten
page constituting one unit.

B. Challenge Goal and Vehicle Description

The underlying goal of the challenge is the design and computer simulation of a
high-performance piloted aircraft in a series of different flight conditions. Of particular
importance to the design will be the ability of the aircraft to sustain significant system
failures/damage, here to be represented by variations in control surface actuator
characteristics and vehicle dynamics. The vehicle that is the subject of the challenge is
the Innovative Control Effector (ICE) vehicle shown in Fig. I.1. A detailed description of
thrust vectoring
nozzle
spoiler slot
deflector
symmetric pitch

flap
‘ /—7 elevon

all-moving
wingtip

leading-edge flap
Figure I.1 The ICE vehicle



and the derivation of a linear model is given in the Appendix.
C. Design Challenge
1. Desired Control System Response Types

The control system response types are straightforward: For longitudinal control, a
pitch-rate command system should be created. There is no requirement for attitude hold
in this system. For lateral control, roll-rate and sideslip-command systems should be
created, again with no requirement for attitude hold in the roll rate system. Commands to
the pitch-rate and roll-rate systems are assumed to be generated by cockpit inceptor
commands, e.g., longitudinal and lateral control column inputs. No pilot-generated
sideslip commands will be in evidence, i.e., the system should maintain zero sideslip with
the pilot’s “feet on the floor”. The vehicle models that will be provided have been
linearized about a series of different flight conditions. The maneuvers to be described
will be transient in nature and no thrust changes from trim values will be required.

The desired characteristics of the rate command systems will be predicated upon
meeting handling qualities requirements in the pitch and roll axes to be specified in
Section 1.C.5.2. However desired frequency-domain characteristics can be specified as:
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where 0 and 6. represent the Euler pitch attitude and attitude commands, and ¢ and ¢s,

represent roll attitude and attitude commands about the x-stability axis, i.e. describing
rolling motion about the vehicle velocity vector in equilibrium flight.

Finally, in keeping with the design philosophy of the ICE vehicle, the controller
must utilize all the available control surface effectors.

2. Controller Simulink® Implementation
The controller must be implemented as a discrete device in the Simulink® computer

simulation that will form an important part of the Design Challenge response. A frame
rate of 80 Hz may be assumed in the discretization.



3. Pilot Models

A pair of analytical pilot models will be specified as part of the computer simulation
of the pilot/vehicle system. Figure 1.2 is the Simulink® diagrams for the pilot models.
No pilot model for the beta loop is necessary because of the assumption of “feet-on-the-
floor” activity by the pilot. The pilot models of Fig. 2 have been created assuming the

dynamics of Eq. 1 are in evidence in the 0 and ¢; loops. The gains of 2.67 on visual error
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Figure 1.2 Pilot models

in each model will produce crossover frequencies of 1.0 rad/sec in each of the loops, a
value representative of moderate pilot control activity. Figure 1.3 is the Bode plot of the
open-loop transfer function of the pilot/vehicle system for both the 6 and ¢-loops when
the dynamics of Eq. 1 are in evidence.



Figure 1.3 Bode diagram of nominal pilot/vehicle open-loop system

3. Sensor Models

It will be assumed that any and all of the output variables specified in the
Appendix for the linear models to be discussed will be available for feedback in the
control system design. These include v, aw qb, 6, Bw, Pss Ts, 9, Ax,pr Ayg,, and Ang,, No
sensor dynamics will be modeled with the exception of a 0.02 sec time delay assumed for
each sensed variable. Additive sensor noise must be included in each measured variable
as shown below in Fig. 1.4.
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Figure 1.4 Sensor noise models

The noise scale factor is given as K = 0.15625 for all sensed variable except for 6
and ¢, for which K = 0, and for Axgy > Bygg o and ang, for which K = 0.015625. The

variables for 0 and ¢ should not be differentiated in the control law to be determined.



With K = 0.15625, the root mean square (RMS) value of the output of the filter in Fig. .4
will be 0.25. Thus, for example, the RMS noise on o, would be 0.25 deg, etc.

4, Linear Models — Flight Conditions

Linear models for the ICE vehicle are enclosed in the Appendix for the following
four flight conditions:

Level Flight: Mach No. =0.3 Altitude = 15,000 ft
Mach No. = 0.6 Altitude = 25,000 ft
Mach No. =0.9 Altitude = 35,000 ft

Steady Turning Mach No. = 0.6 Altitude = 25,000 ft
Flight

The latter condition involves a trim bank angle of 60 deg.
5. Piloting Tasks

The piloting tasks will consist of the pilot following a series of simultaneous pitch
and roll attitude commands for a period of 50 sec in each flight condition. The
commands consist of a series of filtered 5 sec pulses, alternating in sign as shown in Fig.
1.5. The amplitude of the pulses depends upon the flight condition and the command, i.e.,
whether it is a pitch or roll command. As will be described in Section 1.C.8, in
comparing the command input to the corresponding pilot/vehicle response, a 1.0 sec
delay can be added to the recorded command signal. This is only for the purposes of
performance assessment. The delay is not included in the input to the pilot/vehicle
system in the Simulink® simulation. Figure 1.6 shows the command generator.

Figure 1.5 Typical attitude command for pilot/vehicle task
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Figure 1.6 Command signal generation
The amplitudes of the filtered pulses are given as

Level Flight: Mach No. = 0.3 Altitude = 15,000 ft  O,mp =5 deg; ¢amp = 30 deg
Mach No. = 0.6 Altitude =25,000 ft  Oump =5 deg;  damp = 30 deg
Mach No. = 0.9 Altitude = 35,000 ft  O,mp = 0 deg; damp =5 deg

Steady Mach No. = 0.6 Altitude = 25,000 ft  O,mp =0deg; damp = 5 deg
Turning

Flight

6. Performance/Handling Qualities Specifications

a. Desired Handling Qualities

Handling qualities specifications are to be analytically determined using
bandwidth/phase delay as applied to the pitch-rate and roll-rate systems. Figure 1.7 is to
be used to define bandwidth and phase delay, and Fig. 1.8 is to be used to assign handling
qualities levels. NB: The transfer functions to be used in applying the measures of Fig.
1.7 are 6/6. and ¢/¢, where O, and ¢ include the dynamics of the force/feel system
given by

625
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force/ feel dynamics =

Note that the units on the force/feel system dynamics are of no importance in this
analysis.



180 deg

Figure 1.7 Determining bandwidth for handling qualities determination

Bode diagram is for either 6/0.. or ¢/¢c,

Phase delay 1, is determined from Fig. 1.7 as:
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Figure 1.8 Handling qualities level - bandwidth/phase delay mapping for pitch axis; for
roll axis, the roll bandwidth determined from Fig. 7 shall be at least 1 rad/sec for Level 1.
Phase delay shall be no more that 0.14 sec for Level 1 and 0.2 sec for Level 2



b. Desired Tracking Performance

The pilot/vehicle performance specifications in each of the flight conditions are:

pitch-attitude tracking:
Bamp = 5 deg or 0 deg

Desired: no sustained oscillations; maximum error of + 2 deg
Adequate: no sustained oscillations: maximum error of + 3 deg

roll-attitude tracking:
$amo = 30 deg

Desired: no sustained oscillations; maximum error of 10 deg
Adequate: no sustained oscillations; maximum error of £15 deg

damo = 5 deg

Desired: no sustained oscillations; maximum error of + 2 deg
Adequate: no sustained oscillations; maximum error of +3 deg

sideslip tracking:
All attitude command amplitudes

Desired: maximum excursions of + 2 deg
Adequate: maximum excursions of + 5 deg

C. Desired Stability Margins

Stability margins in the control system design are to be determined in classical
single-loop fashion by sequentially cutting each control loop before each actuator as
indicated in Fig. 1.9.

Xi(S) Yi(S)

control — »| ‘ith’actuator | —p
distribution cut

Figure 1.9 Determining loop break point

From the Bode diagram of %(jm) the following stability margins should be in

evidence: Gain Margin > 6 dB; Phase Margin > 30 deg



NB: It is obvious that this stability analysis is not as rigorous as one obtained by
inserting a perturbation matrix of the formP:diag(Kle‘”' ..., K €% ) before the
actuators and assessing closed-loop stability when K; and ¢; are varied within some
desired region in the gain and phase parameter space. The single-loop approach was
adopted for the sake of simplicity here given the number of actuators involved in the
vehicle.

d. Structural Coupling Considerations

Although no elastic modes have been included in the linearized ICE models, to
minimize excitation of structural modes the following requirements on closed-loop
transfer functions should be met for » < 25 rad/sec:

g—b(jw) < -10dB

Py /.

Pv i) < -10dB (4)
b,

an

(o) $-20dB

€. Control Activity

In each of the flight conditions for the tracking tasks to be considered, control
activity should meet the following criterion:

The half-power frequency in the command signal to each actuator should be less
than or equal to the actuator bandwidth (here assumed equivalent to the undamped

natural frequency of the actuator.

In equation form, this requirement can be stated as
(095); <(@,); (5)

where (g 5); is obtained as

(@g5)i

0.5= [d, , (®)do (6)

with &, denoting the command to the i"™ actuator and ®(©) denoting the power spectral

density of the signal x(t). Finally, (@p); denotes the undamped natural frequency of the iy,
actuator. The requirement of Eq. 5 places a limit on the control activity required by the
control system and the sensor noise transmission that occurs as a result of the design.
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f. Scheduling Considerations

In the analysis and computer simulation of the pilot/vehicle system, the flight
control design may be tuned to each flight condition being considered. The one
exception to this is the turning flight condition, where the level flight dynamics must be
considered in the control system design. No scheduling algorithms need be developed.
However, a discussion of the approach to scheduling should be included. Finally, to
demonstrate the robustness of the design approach, the pilot/vehicle system tasks should
be performed at each of the four flight conditions using the control system designed for
the Mach 0.6 Altitude 25,000 ft flight condition. No handling qualities evaluations need
be included, however, tracking task performance should be ascertained using the
requirements of Section 1.C.7.b.

7. Failure Modes

After computer simulation of the nominal system in the specified flight
conditions, the following system failure(s) should be evaluated via Simulink® simulation.
These failures should be evaluated at each flight condition with the tracking tasks
specified in Section 1.C.5.

Failure No. Failure Description

1 left elevon actuator amplitude limits reduced to 15 deg
rate limits reduced to £15 deg/sec

2 symmetric pitch flap actuator with hard-over of +5 deg

3 left spoiler actuator with rate limits reduced to +10 deg/sec

4 left leading edge outboard flap with hard-over of +5 deg

5 pitch nozzle actuator with rate limits reduced to *10
deg/sec

6 elements of linear plant A and B matrices each changed by

120 %. This change should not include those elements of
the A matrix that describe kinematic relationships. To
ensure uniformity, the sign of the 20% variations will be
dependent upon the column of the A and B matrices, with
even- numbered columns receiving a +20% change and
odd- numbered columns receiving a — 20% change.

It is desired that the pilot/vehicle system be able to tolerate all six of these failures
simultaneously. In the Simulink® simulation, the failures should be introduced at t = 20
sec. Section 1.C.8 briefly defines an M-file that will automate the failures.
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In the event that the simultaneous failures prove too severe, a series of Simulink®
simulations can be undertaken in which the failures are added incrementally. If this
procedure is followed, the order in which the failures are accumulated should follow the
failure numbers given above. That is, first, No. 1, then Nos. 1 and 2, etc.

8. MATLAB® Models and M-file for Simulink® Failure Simulation

A MATLAB® M-file called “IceFunctionsDC.m” is provided that automates the
failures just described. The file can be used with a Simulink® simulation module called
ICEdc.mdl containing the state-space vehicle model, actuator models, input commands,
pilot models and reference models. Figure .10 shows ICEdc.mdl.

feedbach phinetac sphar )
thetac ith
phic P{phic pe [—Pp{phic phir b
betac | pilot betac  betar b Command Position —» * : 2::2:
InputCmds i
Model Actuators ICEmdl
Reference
B i
(Y 10| DC= Wings Level M=0.3 h=15k f State
FC= Wings Level M=03 h=15k ft Measurement
Clock
e lm Noiss
00 Flight Condition

oft

Fail Time= 200
Fail Trigger

INITiatize FAIL
Nominal Model Model

Figure .10 The ICEdc.mdl in Simulink®

By left clicking on any of the blocks above, the underlying model structures can be
viewed. By clicking on the shadowed box containing “DC = Wings Level...” the menu
shown in Fig. 1.11 appears.

§

Figure. I.11 ICEdc.mdl menu
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The menu of Fig. 1.11 allows the user to select flight conditions, and “design” conditions.
If desired, the user can load their control designs into MATLAB, using the “Other Design
Conditions” label. Likewise, the Flight Conditions can be loaded into MATLAB using
the “Model File Name.” For example, in Fig. 1.11, the “Design Condition” is Wings
Level, Mach No. = 0.3 and Altitude = 15,000 ft, i.e. this is the flight condition for which
the control system has been designed or “tuned”. The flight condition selected is also
Wings Level, Mach No = 0.3 and Altitude = 15,000 ft. The octagonal elements on the
right hand side of the model will terminate the Simulink® simulation when the associated
output variables exceed the values within the elements, e.g., here 50, indicating
instability. The Model Reference is also included. Depending upon the particular design
philosophy adopted by the user, this block may or may not be necessary, i.e. the reference
model dynamics may be implicit in the design.

Returning to Fig. 1.10, one initializes the system by left clicking on the shaded box
labeled INITialize Nominal Model. This sets the actuators to nominal conditions and the
vehicle model to the flight condition specified in the menu of Fig. 1.11. By left clicking
on the Fail Trigger box, one can select a failure time, now set at a default value of 20 sec.
Alternatively, the user can manually fail the system by left clicking on the FAIL model
box any time during the simulation run. The failure conditions (including the +20%
variation in appropriate elements of the A and B matrices) must be specified by the user
through the m-file IceFunctionsDC.m. listed in Appendix I..

9.0  Design Challenge Summary
The Design Challenge can be summarized as follows:
Vehicle: ICE aircraft, linearized about four flight conditions.
Controller:  Designed by participant. May be tuned to each ‘of the four flight
conditions, with the exception that for the turning flight condition, the

controller is tuned to the wings-level condition. Each of the control
effectors must be utilized in the design. Controller is to be discretized for

Simulink® computer simulation.

Handling Qualities:  Ascertained through bandwidth/phase delay for each of the four
flight conditions, for nominal vehicle only (no failures).

Tracking Performance: Ascertained through Simulink® computer simulation for each
flight condition. Should include nominal and failed cases.

Failure should occur 20 seconds into a 50 second run.

Stability Margins: Ascertained through linear analysis for each of the four flight
conditions, for nominal vehicle only (no failures).
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Structural Coupling: Ascertained through linear analysis for each of the four flight
conditions, for nominal vehicle only (no failures).

Control Activity: Ascertained through Simulink® computer simulation for each
flight condition, for nominal vehicle only (no failures).

Scheduling Considerations: Scheduling need not be implemented, but means for
accommodating scheduling (if necessary) should be
discussed.

Off-nominal Flight Cond’s:  Ascertained through Simulink® computer simulation for
each of the four flight conditions. Controller designed for
Mach No. = 0.6, Altitude = 25,000 ft should be employed
in remaining three flight conditions. Tracking
performance should be assessed.

D. Appendix I Listing for IceFunctionsDC.m

function [errFlag, tstep,sysDC,3ysFC,sysFail,icFC,icDC] = IceFunctionsDC(inVar):

-

A

%This n-£file contains all recuired functions for the ICE 5imulink model

e

5Inputs:

% inVar - input wvariable, may be a string or numeric vector. The following cases are defined:
% 'Inir' - Update model (3tate space and actuators) with nominal system

% tFail' - Update model (state space and actuatorsjwith failed system

% [0 failFlag)] - fail rtrigger input wvector

% [m x1 %2 ...] - call various user defined functions with arguments xl1 xZ ...
:‘

&

%¥Dutpuks:

% errFlag - error flag, O=no error, l=error

% tstep ~ simulatvion time step

¥ S5ysFC - system state space matrices for current flight cendition

% SysDC - Design condition state space matrices

% SysFail - failed system state space matrices

uDC,xDC,yDC - Initial conditions and inputs for Design condition
SIMULINK BLOCKS - warious blocks updated for each different case

ar

ae

currentSys = ¢gcs; Yparent name of current SIMULINK object
slashSpot = findstr({current3ys,'/'); 5find fwd slashes in current 3ys object
if size{slashSpot,2) > 0
fileName = currentSys(l:slashSpot(l)-1l); %delete everything to left of last slash
else
fileName = current3ys;
end

14



% Determine which function te switch to
if ischar(inVar) %iz the input a character or a number
if strcmp (inVar, 'Init’)

nyCase = 1; %Initialization of Nominal model
elseif strcmp(inVar,'Fail'})
myCase = 2; %Initialization of Failed model
else
nyCase = 0; 3Invalid input string
end
elseif inVar(l)==0 %13 input a mumber?3Check fail trigger
if inVar(2)== 5IF FailFlag==true
nyCase = 2; 5Fail the wehicle
else
nyCase = 3; %Do nothing, no error flag returned
end
elseif inVar(l)==
nyCase = 4; %Do Something per your design.
elseif inVar(l)==
nyCase = 5; %Do Somethin per your design.
elseif inVar(l)==
nyCase = 6; 5Do something per your design.
else
nyCase = 0; 5Invalid input
end

errFlag = 1;

&% Qutput Variable Defintions
tstep = 0.0005; =%sinulation time step

% Initialize aystem 3tate 3pace matrices for designed condition
% This i3 only included for possible aid in simulating flight evelope testing.
% It does nothing in the given SIMULINK file!
DC = get _param{strcat(fileName,'/Flight Condition'}),'DC'): 3%Read desired flight conditiocn
dsgnFile=get param(strcat(fileNeme,'/Flight Condition'),'dsgnFile'}); %Read posible input file
if stremp (DC, 'Other...'}==l; %if Dropdown says "other” right dsgnFile to DC
DC=dagnFile;
end %if

% Inivialize systemr state space matrices for flight condition
% Thia writes to the block FSAVmodel whatever model is in the Flight dropdown or if "other”
% is selected then it reads the input file
FC = get_param(strcat{fileName,'/Flight Condition'),'FC');
modFile=get_param(strcat(fileName,'/Flight Condition'), 'HodelFile');
if strcmp(FC,'Other...'} ==1;
FC=modFile;
end %if

% Call function to write FC to model, DC only writes DC to sysDC nothing elese
[sysFC,sysDC,sysFail,icFC,icDC]=getICEsysten{DC,FC};

suitch myCase
case 0
errFlag = 1;

15



case 1

% Initialize Nominal syetem and actuators in Simulink

% Inputrs:

% A,B,C,D - nominal state 3pace matrices

% fileName - current SIMULINK file nane

% Outpute:

% SIMULINK DEBJECTS - update state space system block and all actuator coumponents

sLeft Elevon (2nd Order, with limits); G(s}) = k * w*2/(3*2 + 2%damp*w*s + w*2)

delay =
X =
v

danmp
dMaxHi =
dMaxLo
ddotMax =
hardOver
jamPos =

0.00001:;

1:
63.2455532;

1.106797181;
30;

~30;
150;

0:
0.

sTransport delay [sec)

sgain

sfreqency (rad/s)

%damping ratio

tmax position, upper limit

tmax position, lower limit

%max rate (+/- unit/sec), enter positive number
Shard-over switch {0=no hard-over, l=hard-over}
%hard-over actuator position (unit)

setActuators(fileName, ‘03',{delay;k;w;danp;dMaxHi;dMaxLlo;ddotMax ;hardOver:jamPos]);

%Right Elevon {2nd Order, with limits}; G{s} = k * w*2/(3*2 + 2*damp*w*s + w"2j

delay

k

w

danp
dMaxHi
dMaxLo
ddotMax
hardOver
janPos

"

0.00001;
1;
63.2455532;

%Transport delay (sec)
%gain
sfreqency (rad/s)

1.106797181; 3dawping ratio

30;
-30;
150;

0;
0:

smax position, upper limit

smax pogition, lower limit

ymax rate (+/- unit/sec), enter positive number
%hard-over switch (0=no hard-over, l=hard-over)
%hard-over actuator position f(unit)

setdctuators(fileName,'l3',[delay;k;w;danp dMaxHi;dMaxLo.ddotMax ;hardOver;jamPos])

$Symmetric Pitch Flap (2nd Order, with limitg); G{s} = k * w*2/(s*2 + 2*damp*u*s + w*2)

delay

k

w

danp
dMaxHi
dMaxLo
ddotHax
hardOver
janPos

0.00001;
1;
63.2455532;

$Transport delay (sec)
sgain
sfreqency (rad/s)

1.106797181; sdamping ratio

30;
~30;
50;
0;
0

smax position, upper limit

tmax position, lower limit

¥max rate (+/-~ unit/sec)}, enter positive number
thard-over gwitch (0=no hard-over, l=hard-over)
%hard-over actuator position (unit)

setActuators(fileName, '4', [delay k;w;danp; dMaxHi;dMaxLo ;ddotMax ;hardOver ;janPos]) ;
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%Left All Moving Tip (2nd Order, with limits); G{s) = kK * y*2/(s*2 + 2%danp*w*s + w*2)

delay =
k =
w

danp
dMaxHi
dMaxLo
ddotMax
hardover =
jamPos =

0.00001;

1;
63.2455532;

1.106797181;
60;

0:

150;
0;
0:

$Transport delay (sec)

sgain

%freqency (rad/s)

4damping ratio

smax position, upper limit

%max position, lower limit

%max rate (+/- unit/sec), enter positive number
%hard-over switch (0O=no hard-over, l=hard-owver)
%hard-over actuator position {unit}

setdctuators(fileName, '05', [delay;k ;v;danp;dMaxHi;dMaxLo;ddotMax ;hardOver;janPos])

%Right 41l Mowing Tip (2nd Order, with limits); 6(s) = k % w*2/(3*2 + Z¥damp*w*3 + w*2)

delay =
k =
w =
danmp =
dMaxHi

dMaxLo

ddotMax
hardOver
jamPos =

)

setActuators(fileName,'15'

sLleft Spoile
delay
k
w
danp
dMaxHi
dMaxLo
ddotHax
hardOver
jamPos

r

[

0.00001;

1;
63.2455532;

1.106797181;
60;

0;

150;
0
0;

5Transport delay {sec)

%gain

sfreqency (rad/s)

%damping ratio

imax position, upper limit

tmax position, lower limit

smax rate (+7/- unit/sec), enter po3itive number
%hard-over switch (0O=no hard-over, l=hard-over)
thard-over actuator position (unit)
,[delay;k;:w;damp ;dMaxHi ;dMaexLo;ddotMax ;hard0ver;jamnPos])

{2nd Order, with limits); G(3} = k * w*2/(3*2 + Z¥damp*w¥3 + w*2)

0.00001;

1;
63.2455532;

1.106797181;
60,

0;

150:;
0
G

$Transport delay {sec)

5gain

%*freqgency (rad/s)

*damping ratio

%max position, upper limit

%max position, lower limit

smax rate (+/- unit/sec), enter positive mumber
%hard-over switch {D=no hard-over, l=hard-over)
%hard-over actuator pogition (unit)

setActuators(fileName, '09',[delay;k;w;danp;dMaxHi ;dMaxLo;ddotHax hardOver;jamPos]):

%Right Spoiler (2nd Order, with limits); G(s) = k * w*2/(s*Z + Z*damp?*v*s + w*2)

delay

k

w

danp
dMaxHi
dMaxLo
ddotMax
hardOver
jamPos

1

0.00001;

1:
63.2455532;

1.106797181;
60

0:

150;
0:
0:

5Transport delay (sec)

%gain

sfreqency (rad/s)

sdemping ratio

%max position, upper limit

smax position, lower limit

$max rate (+/- unit/sec), enter positive rumber
%hard-over switch (0O=no hard-owver, l=hard-over)
%hard-over actuator position (unit)

setActuators(fileName, '18', {delay k;w;danp;dMaxHi;dMaxLo;ddotMax hardOver;jamPos]}:;
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5Left Leading Edge Outboard Flap (2nd Drder, with limits); G(s) = k * w*2/(3*2 + Z2*damp*w*z + w*2)

delay =
k =
w
damp
dMaxHi
dMaxLo =
ddotMax
hardOver
janPos =

0.00001;
1;
42,22321636;
1.3952987;
40;
-40;
40;
0.
0;

setActuators(fileName, '02"

%*Right Leading Edge Outhoard

delay =
X =
v

damp
dMaxHi =
dMaxLo =
ddotMax =
hardOver =
janPos =

0.00001;
1;
42.22324636;
1.3952987;
40;
-40;
40;
0;
0:

3Transport delay (sec)

*gain

%freqency (rad/s)

3denping ratio

kmax position, upper limit

$max position, lower limit

%max rate (+/- unit/sec), enter positive number
shard-over switch (0O=no hard-over, l=hard-ov=er)
%hard-over actuator position (unit)
,[delay:k;w;damp;dMaxHi ;dMax Lo ;ddotMax ;hardOver ;jamPos]) ;

Flap (2nd Order, with limits): G(s) = k * w*2/({3*2 + Z2*damp*v¥*3 + w*2)
$Transport delay (sec)

%gain

xfreqency (rad/s)

sdanping ratic

%max pozition, upper limit

%max position, lower limit

imax rate (+/- unit/sec), enter positive number

%hard-over switch {0=no hard-over, l=hard-over)

%hard-over actuator position {unit)

setActuators(fileName, '12',[delay:k ;w;damp;dMaxHi;dMaxLo;ddotMax  hardOver;janPos]):

%Pitch Nozzl
delay
Xk
)
damp
dMaxHi
dMaxLo
ddotMax
hardOver
jamPos

2

n

(2nd Order, with limits); G(s) = k * w*2/{3*2 + 2*damp*w*s + w2}

0.00001;
1:
39,18905204;

%Transport delay (sec)
%gain
5fregency (rad/s)

1.001376608; 3damping ratio

15;
~15;
60:
a:
0:

%max pogition, upper limit

xmax pogition, lower limit

*max rate (+/- unit/sec), enter positive number

%hard-over switch (0=no hard-over, l=hard-over) NOTE:INTEGER
shard-over actuator position (unit)

setActuators(fileName,'10',[delay:k;w;danp;dMaxHi ;dNaxLo;ddotMax hardOver;jamPos]):

tYaw Nozzle
delay
k
v
damp
dMaxHi
dMaxLo
ddotMax
hardOver
jamPos

(2nd Order, with limits}); G(s8) = k * w*2/(s*2 + Z2*damp*w*s + w*2)

0.00001;
1;
39.18905204;
1.001376608
15:
-15;
60;
0:
0:

sTransport delay {sec)
%gain
Yfreqency (rad/s)
; sdamping ratvio
smax position, upper limit
Ymax position, lower limit
smax rate (+/- unit/sec), enter positive number
Shard-over switch (0=no hard-over, l=hard-over)} MNOTE:INTEGER
shard-ovex actuator position (unit)

setActuators(fileName,'20',[delay;k;w;damp;dMaxHi ;dMaxLo;ddotMax ;hardOver;janPos]);
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set_param(strcat(fileName,'/Actuators'), 'BackgroundColor’,’'white')

%Initialize the state space model and Input amplitudes
set_param(strcat(fileName,'/ICErdl'),'A', mat2stx(sysFC.a,6),'B', mat2str(sysFC.b,6),'C’,
nat2str (sysFC.c,6}),'D' ,mat2scr(sysFC.d,6), 'X0"',nat23tr(icFC.x0,6));
set_param(strcat(fileName,'/ICEmdl'}, 'BackgroundColor', 'vhite');
set _param(strcat(fileName, '/InputCnds/thertaamp’'), ‘Value',num2str(icFC.thetaanp));
set_param(strcat(fileName,'/InputCnds/phiamp'),'Value' ,numn2str (icFC.phianp));

disp ('IceFunctionaDC>» Initialization of model completed...')
disp (' tutputa [exrFlay, tstep,sysDC,sy3FC,sysFail,icFC,icDL) written., ')

errFlag = 0;

Initialize FAILED system and actuators in Simulink
Inputs:
Afail ,Bfail ,Cfail ,Dfail - FAILED state space matrices
fileName - current SIMULINK file name
Outputs:
SINULINK O0BJECTS - update state space system block and all actuator components

A A

w

5FAILED Left Elevon {2nd Order, with limits}: G{s) = k * w*2/(3*2 + 2*danp?*w?*s + w*2)

delay = 0.00001; 5Transport delay {sec)

.4 = 1; %gain

W = 63.2455532; %freqency (rad/s)

damp = 1.106797181; 3damping ratio

dMaxHi = 30; smax positicn (unit), upper limit (Nom:3Q)

dMaxLo = =30 smax position (unit), lower limit (Nom:30)

ddotMax = 15; 3max rate (+/- unit/sec), enter positive nuwmher {Nom:150)
hardOver = 0; 3hard-over switch (D=no hard-over, l=hard-over)

janPos = 0. *hard-over actuator position [(unit)

setActuators(fileName, 'G3',6[delay:k ;w;damp;dMaxHi;dMaxLo;ddotMax hardOver;janPos]);

%FAILED Right Elevon {(2nd Order, with limits); G(s) = k * w*2/(3*2 + 2*damp*w*s + g*2)

delay = 0.00001; *Transport delay (sec)

k = 1: %¥gain

v = 63.2455532; 3freqency (rad/s)

damp = 1.106797181; %damping ratio

dMaxHi = 30; *max position, upper limit

dMaxLo = -30; smax position, lower limit

ddotMax = 150; smax rate [(+/- unit/sec), enter positive number
hardOver = 0: shard-over switch (O=no hard-over, l=hard-over)
jamPos = 0: shard-over actuator position (unit)

setActuators(fileName, '13',[delay;k;w;danp;dMaxHi;dMaxLo;ddotMax hardOver ;janPos]) :
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$FAILED Syummetric Pitch Flap (2nd Order, with limits); G(s) = k * w*2/(s*2 + 2*damp*v*3 + w*2}

delay = 0.00001; %Transport delay (sec)

k = 1; %gain

w = 63.2455532/6.32455532; 4fregency (rad/s)

damp = 1.106797181; %damping ratio

dMaxHi = 30; smax position, upper limit

dMaxLo = -30; spax position, lower limit

ddotMax = 50; smax rate (+/- unit/sec), enter positive number
hardOver = 1. shard-over switch (O=no hard-over, l=hard-owver)
janmPos = S: shard-over actuator position (unit)

setActuators(fileName, '4’,[delay;k;w;danp dMaxHi ;dMaxLo;ddotMax  hardOver:jamPos]};

$FATILED Left All Moving Tip i2nd Order, with limits); G(s) = k * w*2/{s*2 + 2*daup*w*=z + w*Z)

delay = 0.00001; %Transport delay (sec)
k = 1; %gain
w = 63.2455532; %freqency (rad/s}

damp = 1.106797181; %damping ratio

dMaxHi = 60; smax position, upper limit

dMaxLo = 0. £max position, lower limit

ddotMax = 150; smax rate (+/- unit/sgec), enter positive number
hardOver = 0. shard-over switch (0=no hard-over, l=hard-over)
jamPos = 60; shard-over actuatcr position (unit)

setActuators(fileName, '05',[delay k;w;danp;dMaxHi dMaxLo;ddotMax ;hardOver; jamPos]);

%FAILED Right All Moving Tip (2nd Order, with limits); G(8) = k * w*2/(3%2 + Z2*danp*v*s + w2}

delay = 0.00001; %Tranaport delay (sec)

k = 1; %gain

w = 63.2455532; 3fregency (rad/3)

damp = 1.106797181; %damping ratio

dMaxHi = 60; %nax position, upper limit

dMaxLo = 0: %max¥ position, lower limit

ddotMax = 150: smax rate (+/- unit/sec), enter positive number
hardCver = 0; %hard-over switch (O=no hard-over, l-hard-over)
jamPos = 0; shard-over actuator positiocn {unit)

setActuators(fileName, ‘15',[delay;k;u; danp;dMaxHi;dMaxLo; ddotMax ;hardOver;janPos]):

%FAILED Left Spoiler (2nd Drder, with limits); G(s8) = k * w*2/(s*2 + Z*dampw¥s + w*2)

delay = 0.00001; 5Transport delay {sec)
k = 1: %gain
o] = $£3.2455532; sfreqency (rad/s)

damp = 1.106797181; %damping ratio

dMaxHi = 60 %max position, upper limit

dMaxLo = 0; %max position, lower limit

ddotMax = 10; smax rate (+/- unit/sec}, enter positive number (Nom:150)
hardOver = 0; %hard-over switch (0=no hard-over, l=hard-over)

jamPos = 0; %hard-over actuator pesition (unit}

setActuators(fileName, '09',[delay:k;w;danp dMaxHi:;dMaxLo;ddotMax ;hardOver;jamPos])
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%FAILED Right Spoiler (2nd Order, with limits); G{s) = k * w*2/{8*2 + Z*damp*v*3 + w*2)

delay = 0.00001; $Transport delay (sec)

k = 1; %gain

1] = 63.2455532; $freqency irad/s)

danmp = 1.106797181; sdamping ratio

dMaxHi = 60: ¥max position, upper limit

dMaxLo = L H tmax position, lower limit

ddotMax = 150; smax rate (+/- unit/sec), enter positive number
hardOver = 0; %hard-over switch (0=no hard-over, l=hard-over)
jamPos = 0: shard-over actuator position {unit)

setActuators(fileName, '19',[delay;k;w;danp;dMaexHi ;dMaxLloddotMax ;hardOver:jenPos]);

5FAILED lLeft lLeading Edge Outboard Flsp {2nd Order, with limits); G(2) = k * ¢*2/{3"2 + 2¥damp*w?s + w*2}

delay = 0.00001; tTransport delay (sec)

k = 0.5; Yain

v = 42,22321636: sfregency (rad/s)

damp = 1.3952987; Ydamping ratio

dMaxHi = 40; tmax position, upper limit

dMaxLo = -40; sms¥ position, lower limit

ddotMex = 40; smax rate (+/- unit/sec), enter positive number
hardQver = 1; thard-over switch (0=no hard-owver, l=hard-over)
janPos = 5; shard-over actuator position (unit)

setActuators(fileNawe, ‘12’ , [delay ;k;w;danp ;dMaxHi;dMaxLo;ddotMax hardOver;jamPos]};

%FAILED Right Leading Edge Outhoard Flap (2nd Ordexr, with limits); G(s) = k * w*2/(s*2 + 2*damp*u*s + y*2)

delay = 0.00001; 3Transport delay (sec)

k = 1: 3gain

w = 42.22324636; sfregency (rad/s)

damp = 1.3952987; %*damping ratio

dMaxHi = 40; %max position, upper limit

dMaxLo = ~40; *max position, lower limit

ddotMax = 40; %max rate (+/- unit/sec), enter positive nmumber
hardOver = 0: %hard-over switch (0=no hard-over, l=hard-over)
jamPos = 0; %hard-owver actuator position (unit)

setActuators(fileName,'12',[delay;k;w;damp;dMaxHi ;dMaxLo;ddotMax thardOver;jamPos]);

SFAILED Pitch Nozzle {2nd Order, with limits): G(s) = k * w*2/(s*2 + 2*dawp?*vw*s + w*2)

delay = 0.00001; STransport delay ({sec)

k = 1; %gain

v = 39,18905204/3.918905204: ufredency {rad/s)

danp = 1.001376608; *damping ratio

dMaxHi = 15; smax position, upper limit

dMaxLo = -15; %max position, lower limit

ddotMax = 10; Smav rate (+/- unit/sec), enter positive number (Nom:60)
hardOver = 0 %hard-over switch (0=no hard-over, l=hard-over) NOTE:INTEGER
jamPos = 0; shard-over actunator position {unit}

setActuators(fileName,'1D',[delay;k;w;damp;dMaxHi ;dMaxLo;ddotMax ;hardOver :jamPos]):
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SFAILED Yaw Nozzle (2nd Order, with limits): G(s) = k * wr2/ (342 + 2*damp*u*s + wr2)

delay = 0.00001: sTranzport delay {sec)

k = 1: sgain

v = 39.18905204/3.918905204; xfreqency (rad/s)

daxp = 1.001376608; %*damping ratlo

dMaxHi = 15; %tmax position, upper limit

dMaxlo = -15; %max position, lower limit

ddotMax = 60; xmax rate (+/- unit/sec), enter positive number

hardOver = 13 shard-over switch (0=no hard-over, l=hard-over) NOTE: INTEGER
jemPos = 0: thard-over actuator position {unit)

setActuaco:s(tileNane,‘20',[delay:k:w:danp;dﬂuxﬂi;dﬂaxLo:ddotﬂax;hardﬂver:jan?os]):
set_pazam(sczcat[tileName,'/Actuato:a'),‘Backgroundtolor‘,'red‘]
%Initislize the FATLED atate space model and controll allocation BAtY1IX
sec_paxan(strcat(fileNane,‘!ICEmdl'),’A',matZstz(sysFail.a,G),‘B',natZstt(sysFail.b,G),'C‘,
nat2str(sysFail.c,6),'D' ,mat2str (sysFail.d,6)):

%in the above line do not set Initial conditions becasue we want to have continuous states during the simulation.
aet_paran(strcat(fileNane,'/ICEmdl'),'Backgzoundtolor','xed');

sound(1:100); %make s 1 second 100hz sound to indicate the model wasz failed....
disp{'IceFunctions>> Model Failed successfully!'}
errFlag = 0;

case 3

suser definable function:... call as IceFunctionsDC([1l x1,x2 x3...1);
case 4

errFlag = 0:

% End Select End Select End Select End 3elect End Select End Select

end %End cof select case

%disp('Finished IceFunctions')
return; SsIceFunctiionDC.m

22



EETrERIECSARECRC YIS NTENCERIENCRSINCSICENICSES OSSR ZEEIXXEICSCSSCSSROCS2SRmEoSIEmEISST

function setActuators(fileName,actuatorNanme,values)
% Thia function writes the actuater properties to each actuator
inputs:
fileName: from ICEfunctionsDC the name of the SINULINK file
actuartcrName: The nan2 of the actuator as defined in iceDC
values: The walues neccessary to define the actuator
outputs:
Writes to a actuator in filename given. Block containing actuators rust be named
'Actuatoreg’

R A LR

-

%Set the parameters for a second-order acuator model in SIMULINK
set_param(strcat(fileName,'/Actustors/Delay’,actuatorNane), DelayTime', nun2str(values(i)));
set_param(strcat(fileName,'/Actuators/Gain',actuatorName), 'Gain’, num2str (values(2))):
set_param{strcat{fileName,'/Actuators/vw',6actuatorName),'Gain’' num2scr(values(3)+2)):;
set_paran(strcat(fileName,'/Actuarors/d2u',actuatorName), 'Gain', num2Zstr(2*values(4)*values(3))):
set_param{strcat(fileName,'/Actustors/d Integrator',actuatorName}, 'UpperSaturationlinit', nun2str(values(s)),

'LowerSaturationlinir’' num2str(values(6))}:
set_paran{strcat(fileName,'/Actuators/ddot Integrator',actuatorName), 'Upperfeturationlinit’ , nunZscr(values(7)},
'LowerSarurationlinic’ num2str (-values{7)}):
set_param{strcat(fileName, ' /Actuatorz/Hard-over Switch',actuatorName),'sw',num2str(values(8))):
set_param(strcat(fileName, ' /Actuators/jamPoziticn’,actuatorNane), 'Yalue' , num2str(values(9))):

return %setiCruators

function [sysFC,sysDC,sysFail,icFC,icDC}-=getICEsysten(DC,FC):

%ICE Linear Models
3Nominal Model Pefinitionsz

: 'del '

unames = ['del '; 'del3 '; ‘ded ! ; 'del5 'y 'ded 'y 'del9 '; 'de2 '; 'delz '; 'delDd  : 'de20 '};
Xnames = ['u 'y 't '; 'theta '; ‘v ‘s 'pb '; 'rb '; 'phi ']
ynames = ['vel ‘s ‘alphaw'; ‘gb ‘s ‘theta '; ‘betaw '; 'ps IS 4-] f; 'phi '; ‘excg '; taycg ' ‘ancg  ']:

%First set DC then FC
for i=1:1:2,
if i==1;
swtch=DC;
elseif i==2;
swtch=FC;
else
disp('error in getICEsystem’'):
end %if

tThe following section is identicle to loading the selected model by choosinyg ‘cther' and typing inthe file
Sthe difference is only rthat they are included in this file.

5The 't’ in the matrix names indicates that it is s temporary variable which will be modified., These

% are the exact same matrices found in the model files.

The listing for the next section of the m-file has been omitted here, and contains the state
space descriptions of the ICE vehicle at the various flight conditions, including the initial
conditions on the vehicle states. The latter values are not needed in implementing the
linear models, but are useful for describing the equilibrium flight conditions.
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%8et input command magnitudes
theteaamp=0; %deg
phiamp=5; %deqg

ortherwise %if the text in DC or FC (depending on i) does not match any of the preloaded cases
% then read them from the file loaded and nsme them apropriatly...

udl=}pad({swtchj;

At = mdl.a;

Bt = mdl.b;
Ct = mdl.c;
Pt = ndl.d:

ult= mdl.u0;
x0t= mdl.x0;
yOt= mdl.y0>

end %select swich

%¥If you =o desire to modify the ouputs or augment any input/output matrix

%this is the location to do so...

At = At; .
Bt = Bt;

Ct = Ct;

Dt = Dt;

ubt= ult:

x0t= x0t;

x0t= zeros(8,1); %This Sets initial conditions on the states to zero! your call....
yOt= yOt:

Swhere to write the tewp variables? are we calculating DC or FC
if i==1 % then write to DC

sysDC=3s(At,Bt,Ct,Dt);
icDC=struct('ul’,ult, 'x0',x0t, 'y0',y0tr);
elseif i==2 %then write to FC
sysFC=s3s (At ,Bt,Ct,Dtr);
icFC=struct('u0',udt, 'x0',x0t, 'v0',y0t, ' thetaanp',thetaanp, phiswp', phiamp);

%Al2o define Failed model based on FC
%Failed Model Definition
%Afail = AT1.00;Afail(4,:)=A({4,:);Afail(B,:]}=A(8,:) Bfail = B*0.75:;Cfail = C;Dfail = D;
sysFail=3ysFC; %initialize sysFail
for i = 1:8

for j = 1:8

sysFail.a(i,))=3ysFC.a(1,3)*(1+0,2*(-1)*]);
, end

end
for i = 1:8

for j = 1:11

sysFail.b{i,j)=sysFC.b(i,))*(140.2*{-1}*3}:

end
end
sysFail.a(4,:)=sysFC.a{4,:); %Correct Kinematic lines back to nominal
sysFail.a(8,:)=sysFC.a(8,:); 4Correct Kinematic lines back to nominal
gysFail.c = sysFC.c;
sysFail.d = sysFC.d;

else
disp{'getICEsystem»> error in the output veriable definiticn')
end %if
end 3 for loop

return 5getICEsystem{DC,FC)
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E. Appendix II —Innovative Control Effector (ICE) Vehicle Description

Introduction
A set of linear models and trim files has been provided to aid in the development
of a controller for an advanced tailless fighter. This document contains the variable
definitions and units corresponding to those models. A cursory description of the
nonlinear vehicle is offered with the decomposition of aecrodynamic database. Source of
variations in linear models, i.e., stability and control derivatives, for three different trim
conditions is traced back to the decomposition of the aerodynamic database. Mass
properties, vehicle geometry, cg location, and a thrust vectoring model available in the
open literature have also been collected. The result of the linear model-derived
reconfigurable controller will be applied to the nonlinear simulation at Langley for
comparison with in house controllers.
Variable List

aerods dimensional aerodynamic force component along negative x-stability
axis, slug-ft/sec’

aerols dimensional aerodynamic force component along negative z- stability
axis, slug-ft/sec’

alphaw angle of attack, deg

alphdtw angle of attack rate, deg/sec

altic altitude, ft

amtl(DE5)  left all moving tail position, deg

amtr(DE15) right all moving tail position, deg

anacc normal acceleration at accelerometer, g’s

ancg normal acceleration at cg, g’s

ancgstb normal acceleration at cg along negative z-stability axis, g’s

axcg longitudinal acceleration at cg, g’s

ayacc lateral acceleration at accelerometer, g’s

aycg lateral acceleration at cg, g’s

betadtw sideslip angular rate, deg/sec

betaw sideslip angle, deg

cdrag stability axis aerodynamic force coefficient along negative x axis

clift stability axis aerodynamic force coefficient along negative z axis

cpitch stability axis aerodynamic pitching moment coefficient

croll stability axis aerodynamic rolling moment coefficient

cside stability axis aerodynamic force coefficient along y axis

cyaw stability axis aerodynamic yawing moment coefficient

dirtrmx directional trim input

dpnoz(DE10) pitch nozzle position, deg

dynoz(DE20) yaw nozzle position, deg

erthzdt velocity along inertial negative z-axis, ft/sec

erthxic initial position along inertial x-axis, ft

erthyic initial position along inertial y-axis, ft

flapl(DE4)  symmetric pitch flap position, deg

gamma flight path angle, deg

grs_thr gross thrust, slug-ft/ sec’
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lattrmx lateral trim input

lefol(DE2)  Ileft leading-edge outboard flap position, deg
lefor(DE12) right leading-edge outboard flap position, deg
lontrmx longitudinal trim input

mach mach number

net_thr net thrust, slug-ft/sec’

pbdot body axis roll acceleration, deg/sec?
pbic, pb body axis roll rate, deg/sec

phidot euler bank angular rate, deg/sec

phiic, phi euler bank angle, deg

plain power lever angle, deg

ps stability axis roll rate, deg/sec

psidot euler heading angular rate, deg/sec

psiic, psi euler heading angle, deg

qbdot body axis pitching acceleration, deg/sec’
gbic, gb body axis pitch rate, deg/sec

rbdot body axis yaw acceleration, deg/sec’
rbic, rb body axis yaw rate, deg/sec

IS stability axis yaw rate, deg/sec
ssdl(DE9) left spoiler-slot deflector position, deg
ssdr(DE19)  right spoiler-slot deflector position, deg
taill(DE3) left elevon position, deg

tailr(DE13)  right elevon position, deg

thetdot euler pitch angular rate, deg/sec

thetaic, theta euler pitch angle, deg

udot acceleration along body x-axis, ft/sec’
uic, u velocity along body x-axis, ft/sec

veas calibrated airspeed, kts

veas equivalent airspeed, kts

vel (velkts)
vic, v

true airspeed, ft/sec (kts)
velocity along body y-axis,ft/sec

vtotdot rate of change of true airspeed, ft/sec’
wdot acceleration along body z-axis, ft/sec’
wic, w velocity along body z-axis, ft/sec
wtic weight

ICE Vehicle (101-3)

The controller will be applied to the tailless fighter configuration developed under
the Innovative Control Effectors (ICE) program. Configuration 101-3 of this program is
shown in figure 1. The control effectors include elevons, pitch flaps, all moving tips,
thrust vectoring, spoiler slot deflectors, and outboard leading edge flaps. The
conventional control effectors are defined as the elevons, pitch flap, and leading edge
flaps. The innovative control effectors are defined as the thrust vectoring, all moving tips
and spoiler slot deflectors. Challenges associated with control using the all moving tips
and spoiler slot deflectors include zero lower deflection limits, strong multi-axes effects
and effector interactions (latter, not apparent in linear models).[1]
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Figure 1. Model Layout

The full nonlinear simulation of this vehicle remains proprietary. Lockheed, however,
has granted NASA Langley Research Center permission to supply Prof. Hess with a set
of linear models spanning the subsonic flight envelope for his reconfigurable control
work. The supplemental information provided in this package concerning mass
properties, etc., has been accumulated from the open literature [1], [2], allowing the
researcher to track variations in stability and control derivatives to pertinent increments in
the aerodynamic data base. The ultimate aim is to integrate the proposed control in the
actual nonlinear simulation at NASA Langley Research Center to further validate the
methodology and compare the results with the current in-house effort. Any activity
towards addressing stability/performance robustness issues as well as nonlinear
simulation implementation issues prior to NASA involvement will increase the likelihood
of a successful implementation.
Linear Models

The set of linear models provided corresponds to three types of trim conditions:
1g wings-level, steady level turn, and symmetric pull up/push down trim [3]. The
corresponding flight conditions span a range of Mach [.3-.9], altitude [15-35k ft], and
angle of attack. These models provide an adequate set of stability and control derivative
variations associated with subsonic flight.

The pertinent trim variables are summarized in three MATLAB files:
trmmap WLIG.mat, trmmap ST.mat, and trmmap_PU.mat. These trim file summaries
catalog the linear models respectively found in subdirectories lin_wng_lev_1g,
lin_stdy turn, and lin_pull_up. The MATLAB files within them are labeled as follows

lin wng lev_1g mX hZ mat

lin_stdy turn mX aY hZ.mat

lin pull up mX aY hZmat
where

X =10-mach

Y = alphaw

Z =altic/1000.
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Along with the matrices of the state space representation, each file contains trim values of
state, input, and output (x0, u0, and y0), and the variable names (xnames, unames, and
ynames). Units are given above in the List of Variables. Actuator dynamics, position
limits, and rate limits can be found in Table 1.

A few comments concerning the choice of trim conditions are in order. The
loaded conditions of steady level turn and symmetric pull up/push down have been
included to provide an independent range of angle of attack and Mach for a given
altitude. This has been done to provide a better characterization of vehicle’s aerodynamic
database. Note, in 1g wings-level flight, for a given weight, speed, and altitude, there is
only one angle of attack that will generate the necessary lift.

The ability to independently vary Mach and angle of attack, however, comes with
a cost. In lg wings-level flight, longitudinal and lateral/directional dynamics are
decoupled and the gravity vector orientation relative to the trimmed vehicle is fixed. In
symmetric pull up/push down trim, the longitudinal and lateral/directional dynamics are
still decoupled, but the relative orientation of the gravity vector is changing (nonzero
thetdot). In the steady level turn, the relative orientation of the gravity vector is constant
(zero phidot and thetadot) but the longitudinal and lateral/directional dynamics are
coupled. The effect of the aerodynamic database on the respective derivatives is
available, however, since the data supplied in this package includes the vehicle’s inertial
properties and the corresponding constant components of angular rate and velocity.
Dependence on Mach and angle of attack, for example, is available from both 1g wings-
level and pull up/push down trim conditions. An additional dependence on side-slip
angle is available from the level steady turn trim conditions at equivalent Mach and angle
of attack values.
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Table 1. Actuator Dynamics

Amplitude Limit
Elevon (taill/DE3), (tailr/DE13):
(40)100) +£30deg
(s +40)s +100)
Symmetric Pitch Flap (pflap/DE4):
(40¥100) +30deg
(s +40)s +100)
Skewed All Moving Tip (amtl/DES), (amtr/DE15):
(40)(100) [0, 60] deg
(s + 40)s +100)
Spoiler-Slot Deflector (ssdl/DE9), (ssdr/DE19):
(40)100) [0, 60] deg
(s + 40)(s +100)
Outboard Leading Edge Flap (leflol/DE2), (leflor/DE12):
(17.828)100) +40 deg
(s +17.828)s +100)

Pitch/Yaw Thrust Vectoring (dpnoz/DE10), (dynoz/DE20):
(37.186)41.3)

+15de
(s+37.186)s +41.3) &
Power Lever Angle (plain)*
Afterburner: 1 [30, 90] deg
S5s+1
Afterburner out: 1 [90, 127] deg
6255 +1

Rate Limit

150 deg/sec

50 deg/sec

150 deg/sec

150 deg/sec

40 deg/sec

60 deg/sec

22 deg/sec

14 deg/sec

*dynamics currently not in proprietary simulation, but proposed for LaRC version

Nonlinear Simulation and Linear Models
Some features of the nonlinear simulation are considered in the context of the
linear models generated. Components of the trimming forces and moments are discussed
along with the impact of various aerodynamic increments on the stability and control
derivatives for the flight conditions considered. The mass properties data and thrust-
vectoring model are available in the open literature. Consider first a cursory look at the

mathematical framework of the nonlinear vehicle description.
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The ICE model is governed by the standard set of equations of motion for a flat-
earth, rigid-body, symmetric aircraft [4].

u:—qbwb+rbvb—gsin9+2(— (1a)
m
13=—rbu+pbw+gcos9.1;in¢+L (1b)
m
v'v=—pbv+qbu+gcos9cos¢+Z (1¢)
m
. 2 2
qb:IL{}V_pbrb(]Joc_]zz)-*_rblxz_pblxz}ﬁ(l (ld)
W T
. -1
Pyl _ Ixx _Ixz L_qbrb(lz—l}/}’)+pbqb1.tz 180
- i) z
) _Ixz [zz N_qub Iyy—lzz ~qbrb]xz T
9=qbcos¢—rbsin¢ (1)
¢5=pb+qbtan9sin¢+rbtan0cos¢ (1g)

The model constants are listed in Table 2 [1]. The force and moment vectors,
F T:[X Y Z]and MT=[L M N, respectively, expand as

ﬁ: Aa+ﬁ‘T

ﬁa = ﬁa,o + ﬁa,dyn +ﬁa,§ (2)
Fr=F+F,

W =N+ 1,

Ma :Ma,o+Ma,aj/n+Ma,5 (3)

My=M,+M,,

where subscripts ‘a’ and ‘T’ correspond to the acrodynamic and thrust related forces
and moments. The aerodynamic force and moments are further decomposed into ‘a0’
components of the baseline aircraft with no effectors deflected, ‘ a,dyn’ components due
to angular rates, and ‘ a,8 ’ force and moment increments due to control deflection. The
thrust force and moments are decomposed into ‘¢ components due to gross thrust and
“rd’ components due to ram drag. Although it is unlikely that anything more than a
first-order approximation of the aerodynamic data can be obtained from the trim files and
linear models provided (maybe not with the decomposition above), it is of interest how
these terms influence the stability and control derivatives particularly when
characterizing uncertainty. In the coming subsections, the acrodynamic data build up is
considered along with its influence on the linear models.
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Table 2. Model Constants

accelerometer

Symbol Description Value
I, x-axis moment of inertia 35,479 slug-ft*
I, y-axis moment of inertia 78,451 slug-ft®
I, z-axis moment of inertia 110,627 slug-ft*
I, xz-axes product of inertia -525 slug-ft*
Srer wing planform area 808.6 ft’
c wing mean aerodynamic chord 28.75 ft
b wing span 37.5ft
m Aircraft mass 1017.9 slug
w Aircraft gross weight 32,750 1b
dry waterline distance between cg and thrust -417 ft**
application point
drpg fuselage station distance between cg and 18.79 ft**
thrust application point
dpwi waterline distance between cg and ram -0.3308 ft
drag application point
dprs fuselage station distance between cg and -12.66 ft
ram drag application point
dcm waterline distance between cg and -1.039 ft
accelerometer
dpgrs fuselage station distance between cg and -13.55ft
pilot station
d 4crs fuselage distance between cg and -11.5008 ft

* relative to cg position of 38% of mean aerodynamic chord, nominal weight

** positive WL, FS distance is above and behind cg

Aerodynamic Forces and Moments

The total acrodynamic forces and moments at trim can be obtained from the trim

file as follows
X5 =4S,y -cdrag
Y, s =4S, -cside
Z,s=—qS,, -clift
L= chrefb -croll
M, = quefE-cpitch
N,s= chrefb -cyaw .
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These components include trim forces and moments due to the baseline vehicle’s
orientation and speed with respect to the air stream, due to any trim angular velocities
(excluding inertial effects), and due to the trim control deflections. Note these
components are expressed with respect to stability axis. Transforming these components
to body axis as reflected in the equations of motion is straightforward. The
decomposition of components into the corresponding ‘a,0°, >a,dyn’, *a,§’ terms may

not be so straightforward or possible. Some additional background information on the
dynamic term is provided.
Rotary and Forced Oscillation Terms

The direct method in AIAA-88-4357 is used to add the rotational and oscillatory
increments to the force and moment components for & <30°. The effect of angular rates
on the aerodynamic moments and forces is modeled using data from two sources: 1) a
rotary balance test where the vehicle rotates about the velocity vector and 2) a forced
oscillation test where the vehicle is forced to oscillate about each body axis.

First the angular velocity vector is equivalently expressed as

@ = Pyiy + Gyl + Teky = Oy, + Dy

&)

Wy = -1, = pycosacos f+q,sinf +r, sinacos

where fw is a unit vector along the velocity vector, @, and @, are respectively the

rotary (along the velocity vector) and oscillatory components of the angular velocity
vector. The oscillatory component is further decomposed along the body axes as

0305 = pos;b + qosjb + roskb (6)
where

Dos = Pp — @y cosacos 8 (7a)

Gos =4p — @y Sin (7b)

s =, — oy sinacos f. (7¢)

From these expressions, it is clear that this decomposition provides an equivalent
representation of the angular velocity. The components of the oscillatory term and the
rotary angular velocity are made non-dimensional as follows

ar bpos 2 qus . brosic'
- b

w I, + +
o Ty T oy ey (8)
bawy,
w, =% 8b
V=S5 (8b)

The direct method uses the non-dimensional terms to define dynamic effect of angular
rates on the forces and moments.

Frion = FoyolM 0, B,3),) (9a)
M,pn=M,,M.a B.0,)+TT, (M a)), (9b)
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Subscripts ‘a,ro” and ‘os’ denote respectively the rotary and oscillatory components.
The matrix [] _ consists of the following oscillatory dynamic derivatives

Lp,os 0 Lr,os
I,=| © M, 5 0 | (10)
Npos 0 Nros

The rotary term is zero whenever @, is zero, a result of either &#=0 or @ is

perpendicular to fw. The former occurs in 1g wing-level trim and the latter occurs in

both the symmetric pull up/push down and steady level turn. Consequently, the trim
values of force and moments do not have any rotary component. The rotary components
do influence the derivatives. It should be mentioned that the Mach dependence in the
rotary terms exclusively resides with dynamic pressure, g, used to dimensional-ize the
corresponding force and moment coefficients. The axial force rotary component is zero.

At trim the steady effects due to constant angular rates, if any, result from the
oscillatory component, or

Fa,dyn,lrim =0 (1 la)
Ma,dyn,trim = 1_Ios(]M’ ay{)’os i (1 lb)

The aerodynamic trim force and moment components, then, take on the following form

1-g, wings level: p/ =q, . =r . =p=0

Eoim = FooMoa, B)+ F, 5(M,a,5) (12a)
M o yim = My (M., B)+ M, 5 (M, ,5) (12b)

pull up/pushdown: p. =r. =pB=0, g  =cq,/2V

Eyim = F, oM., B)+ F, 5(M,a.5) (13a)
Ma,!rim = Ma,o(M' a, ﬂ) + Mq,osq'os + Ma,ﬁ(M' a, 5) ( 1 3b)

0

steady level turn: _p! =bp,/2V , g, =¢q,/2V , r,. =br, [2V, = constant

adtrim = Fa,o(M’a'ﬂ)-*_ Fa,J(M’a' 5) (143)
- - Lp.osp:)s + Lr,osr(;s .
Ma,trim = Ma,o(M'a'ﬂ)+ Mq,osqlos + Ma,ﬁ(M’a’ 5) (14b)
Np,osp'os + Nr.osrtgs

If a first-order approximation is assumed for Fn‘a’ s and M 46 about & =0 (trim effector

deflections are small), so

33



Fos=F 0 (15a)

a

~

M,5=M, 0, (15b)

a

ﬁ'a,o and M a0 can be approximated for 1g-level flight. Note, F, 5 and M, sare
available from the B matrix. Altitude effects can be removed by normalizing with ¢ . It

will be shown that for both 1g-level flight and symmetric pull up, the term M is
explicit in the A-matrix. As a result, ﬁa'o and M a0 Can be approximated for symmetric

pull up. Side-slip angle effects, only on ﬁ‘a'o, can be determined from the difference
obtained in the term for the symmetric pull up and steady level turn at the same (a, M)
flight conditions. Side-slip angle effects on M a0 (€xcept for the pitching component) as

well as identifying the remaining dynamic derivatives may not, however, be possible.
Stability Derivatives and the Nonlinear Aerodynamic Database
Let us assume that A is the linear system’s A-matrix with all the differential

contributions due to inertial terms (e.g., wq,, uqy .1 DPpqy» (Izz —Iyy}bqb) and gravity
terms removed. Only the aerodynamic contribution remains in 4. Pursuing a

construction similar to that use in [4], the differential forces and moments determine the
linear models, i.e., what is leftover in A’

dF,, ~ %Fa 45 = %o gg  a dp + Yo apg + 2 dpy + o dqy + = r,
05 oa O oM Op " g " O
06 oa Op T M p 7 g T O

where all partial derivatives are evaluated at the trim condition. The terms on the right
influence the A-matrix whereas the second term (negative of) on the left corresponds to
the B-matrix. Substituting the differentials da , df, and dM for expressions in table 3

expressed in terms of du, dv, and dw provide the derivatives used to construct A. Note
when the trim g (v) is zero as in 1-g level flight or symmetric pull up, dM influences

only the du dw columns of A, whereas df influences only the dv column of A. Ina
steady level turn, dM and dB influence all columns of A corresponding to translational

velocity. From its definition, de influences only the du dw columns of A regardless of
the trim.
It should be mentioned that the columns corresponding to du and dw are also

influenced by the differential force and moments due to thrust, dFy. and dM, since the
application of ram drag is dependent on angle of attack as will be shown later.
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Table 3. Transformation to translational velocity
2 2! 2 2y
da=——w{u +w) du+u(u +w) dw

_12 12 12
dﬂ:—u—g(u2+w2) / du+%(u2+w2) dv—M(u2+w2) dw
V 14

dM = i(ﬂ)du +1 (l)dw- l(ﬂ)dw
a\V a\V a\V

*all values at trim; a is the speed of sound.
The contribution of the baseline aerodynamics and the increment due to control

deflection

dlF,,+ Fys)- 62,5, 55 a(ﬁa,g : Fas) agﬁ " a(ﬁ"g;ﬁaﬁ)dM

d(Ma.o + Ma,a)” 6134;’5 do = a(Ma'()a+ Ma,é‘)da + aj:jﬁa,o dﬂ + a(MagA_;Ma,é')dM
a

(17)
does not influence the columns of A corresponding to dp,, dg,, and dr,. The dynamic
aerodynamic increment

A

dF, 4 =2 oy Z 2 gy —adm gpg g Zadm gy g b g 0 gy
dy. oa op oM P, g, o,
T = do + Mon ap + Mam dM + Mo gy dp, + OM dq,, + OM 4y dr,
adyn oa op oM ap, b 2, b or, b
(18)

potentially affects all six columns. Next, expansions of the partials in equation 18 are
developed. The result will be the dynamic aerodynamic increment has no influence on
the derivatives corresponding to translational velocities in 1g-level flight. The influence
of the dynamic term expands, however, as trim pitch rate becomes nonzero for symmetric
pull up flight, and the rest of angular rate components and side-slip angle become
nonzero in the level steady turn.

For partial derivatives taken with respect to x; = @, 5, or M , the initial form is the

same

OFuayn _ OForo |, oF, ,, 0w,

a,ro

o ox  dw, ox

i i i

Mgy _ My,  Myyo 00y 0y, o 1 (00 06, Doy (19b)
o, o, dw, A o ° *l & dw, ox

1 1

(19a)

i ]
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Since the rotary component is zero whenever @j, is zero (true for all trim), the first term

in (19a-b) is always zero. The second term is zero for x; = M in both equations, since
ooy 4

L, =0. 20
oM v 7 ' (20)

The third term in (19b) is zero when x; = #. The components of (19a-b) can be found in
tables 4 and 5, where the following shorthand is used. L M N

wy ro’ 1 @y, ro’ * Y @y, ro
- .
components of 6Ma_m/6w,,, X(o;,,ron zZ

’ ’
(Uv,ro’ (l)v,rO

are the

are the components ofdF, ,, /Ga);/;

L and L, ., are the partials of L

posa p.0s .08 with respect to @ and M , respectively; s,

and c, are sinfa) and cos(f), respectively; stability axis roll and yaw rate are denoted

as p, and r,, respectively.

Table 4. Dynamic Force Partial Derivatives with respect to (a, M )

Xan _ Xan _ g K _
oa Y oM
o, oY oY
n _ b dm b _ dyn _
oo 2V Yw'v'ro("scﬂ) op v Yw;,ro(qbcﬁ X oM
oz oz oz
dn _ b dnm _ p _ dyn
da Zw'v,ro(rscﬁ ) 28 W Zw'v.ro(qbcﬂ pess) ot 0
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Table 5. Dynamic Moment Partial Derivatives with respect to (a, p.M )

OLam _ b (] L L, L L
Py _5;/— {)’mrscﬂ*_ p,osapb+ rb Tt Lp.os acﬁ+ r055a ,B

oM
Man _ b _5
oo~ oy Munss oy (M""’S-“qb > M"""Smj

Nyn b
Py =§ Nw{) rcﬂ+Npos pb+Nr0s —7 Nposaﬁ+Nrosaﬂ

oL,
n _ b — 1 l - p
S e (TP CORT RN (W (YRR A SN C TR =)

oM -
Ty _ b - £ 2_1

aﬂ - W Mw' Fo (qu,B pssﬂ)+ 1% (Mq,os(pssﬂ 2 quZ/}))
aNdyn

2 2
( @),.ro qbcﬂ pssﬂ) (Np,os(% PsCaS2p~ qbcacﬁ)+ Nr.os(% PsSaS2p _qbsacﬂ)J)

(LP,OS,M - 'ic_/l_ Lp.osjpb + (Lr.os.M - % Lr,os)rb)

t= X Mq,os,M _%Mq,os)qb

ON 4 b
aA;n = W ((Np,os,M - % Np,os)pb + (Nr,os,M - -5' Nr,oerb)

In 1-g level flight, all terms in tables 4 & 5 vanish due a zero angular velocity vector at
trim. For symmetric pull up, there are nonzero entries for oM adyn / df and the
components OM dyn /6a and oM dyn /aM due to the nonzero trim g, . For level steady

turn, all expressions not specified as zero are nonzero.
For partial derivatives of equation 18 taken with respect to angular velocity, the

form is

aF a,dyn - aFaro aa);/ (21a)
0w Owy, 0w
aMa,dyn _ aMa ro awV I—[ 6(?)' s 4 aé;s aCUV
06 Owy, 0w

(21b)

o ow,, 0w

Tables 6 and 7 contain the nine components associated with each equation. The
shorthand used in tables 4 and 5 is again used here.
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Table 6. Dynamic Force Partial Derivatives with respect to (pb, qp rb)

al:aXdyn -0 _ai:aXdyn =0 QX_:aLdyn _
op,  p, oq,  Oq, on,  On
oY _ aYdyn _by oY _ aYdyn by oY _ aYdyn _by

c.C , Ss.C
op, op, 2 ero®P oq  oq, 2V @ro oo on, 2V whro @

o0z _%am_ b, oz _%an _ b g oz _%am _ b

= , 8 . S.C
by ap, 2 @l ag, og, e o oy e’

Table 7. Dynamic Moment Partial Derivatives with respect to (pb, qp rb)

oL
oL _ YT _ b IR )
p,, B Opy % (L("{)vmcac'g * Lp"’s(l cacﬂ) > Lr,oss2acﬂ)

oM _
oM _dn _ b _c
op, op, M roCas = gy Maosa®2s

ON
ON _ —dn_bly cgt+ N, (l—czcz)—lN s cz)
apb apb QV( w),.ro Ca Jig a“p o ros 2a

oL
a_L d)’" b _ l
aqb aqb 2V (Lw;f"osﬂ 2 (Lp'osszﬂca + Lr,oss2ﬂsa ))

oM
S d)

ON
ON _ “dyn _ 1

oq,,

oL
oL _ dyn _ b 1 2 22
a—rb - -7:’1 - W(Lw(,,rosacﬁ ——2_Lp,0ss2acﬂ + Lr,os(l —saCﬂ))
oM _Man _ by, _EM s

o, on, 2V T g.os°a’2p

oN
ON _—dm_ b _1 2 22
o, on W (Nw'v.rosacﬂ > Vpos$2aCp +Nws(‘ sacﬁ))

To be noted, when B =0 as in 1g-wings level and symmetric pull up flight, all partials
with respect to g, vanish except

oM _ ¢
oq, 2w Moo (22)
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For these two cases, the longitudinal pitch rate (perturbation) does not effect the
lateral/directional moments. = However, the lateral/directional roll and yaw rate
(perturbations) do influence (albeit small from observation) the pitching moment through
the rotary term. It appears that both the rotary and oscillatory components influence the
lateral/directional moments in response to perturbations of the lateral/directional angular
rate components. In the steady level turn, the longitudinal pitch rate (perturbation) does
effect the lateral/directional moments providing some of the aerodynamic coupling at this
trim condition. The rest of the aerodynamic coupling arises from the expressions in
tables 3 and 4.

To close this discussion on the source of the linear models, the thrust-vectoring
model is presented followed by the trim control used.

Thrust Equations

Thrust vectoring is applied to both the pitch and yaw axes. The thrust force and

moment components may be expressed as:

X, =T, cos|5,, Jcosls, ) (23a)
Y, =T, cosls,, )sirls, ) (23b)
z,=-T, sinl3,)) (23¢)
L=-1Y, (23d)
M,=12,+1X, (23e)
N, =-17, (23f)

where T, 1s gross thrust (Ib), é’,p (dpnoz) and 5,y (dynoz) are the pitch and yaw nozzle

deflections, respectively, and where /, and /  are respectively the distances (ft) below
and behind the cg for the thrust application point. In terms of variables defined above,

Force and moments due to ram drag, D, (Ib), are expressed (best guess) as

D =T —

ram Tg Tnet (24)
er = —Dram cos(a) (25a)
Y =0 (25b)
Zrd = _Dram Sin(a) (25¢)
Ly =0 (25d)
Mrd =7 x,rerd + lz,rerd (25¢)
Nyy=0 (25f)

where T,

cg for the ram drag application point. From the trim file and Table 1.0, T

net

is net thrust, and where /_, and [, ; are the distances(ft) ahead and below
=net thr;

Lva =—dprss L g = —dpyr -
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The differential force and moments due to thrust are used in linear models.

-

oF oF oF

dE. =dE +dF , = =1 d5, +—Ld5, +="ddqg 26

T I rd aé‘tp fp a&ty ly aa ( )

dM =dM, +dM,, = oM, ds,,+ oM, ds,, + M4 o 27)
a5, a6, da

Equations 23 and 25 determine the partials above. The first two partial derivatives of
equations 26 and 27 determine the columns of B corresponding to thrust vectoring. The
third modifies the du,dw columns of the A-matrix.
Trim control used in linear models
Lastly, three inputs, ‘lontrim’, ‘lattrim’, and ‘dirtrim’ drive the control effectors to
respectively trim the vehicle about the longitudinal, lateral, and directional axes.

elevl = lontrim + lattrim
elevr = lontrim —lattrim
pflapx =0.1111-lontrim

leflox = 0.07111-(lontrim + lattrim)

lefrox = 0.07111-(lontrim - lattrim)

dpnozx =0.16-lontrim

dynozx =0.16 - dirtrim

ssdl = ssdr = amtl = amtr =0
For each effector, the weighting used is the squared value of the effector’s rate limit
normalized with the elevon’s rate limit. Due to difficulties with the trimming routine, the

unilateral controls (those restricted to positive deflections) were not used in the trim. The
linear models for the four pertinent flight conditions are presented next.

Linear Models
State space representations for linearized ICE models for the flight conditions of interest
for the design challenge are given on the following pages. The state, output and input
vectors in these linear models are defined as:

x" =[u w gb theta v pb rb phi]
y =[vel alphaw gb theta betaw ps rs phiaxcg aycg azcg]

u =[dE3 dEI13 dE4 dES dE15 dE9 dE19 dE2 dE12 dE10 dE20]
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Mach No. = 0.3, Altitude

5.9570e-003 3.1987e-002 -1.3310e+000 -5.4507e-001
-6.3377e-002 -5.8625e-001 5.3737e+000 -1.3501e-001

-5.2181e-002 8.1704e-002
0 0
3.3216e-007 8.2150e-008
8.5005e-006 2.1012e-006
-2.9015e-006 -7.1571e-007
0 0

>> b

Columns 1 through 8

-5.9693e-003 -5.9693e-003
-2.6797e-001 -2.6797e-001
-1.3850e+000 -1.3850e+000
0 0
-9.1236e-003 9.1236e-003
2.4117e+000 -2.4117e+000
3.7657e-002 -3.7657e-002
0 0

Columns 9 through 11

1.1500e-002 -1.1805e-005

9.7043e-002 -1.2395e-001
2.3341e-001 -1.7312e+000
0 0
2.8901e-002 0
9.8532e-001 0
-1.8590e-001 0
0 0

9.7067e-001 2.4042e-001
-4.3428e-002 1.7534e-001

0 0
0 o
o] 4]
0 1]
0 0
0 0

1.8515e-004 9.5420e-004
1.0324e-008 2.5533e-009
1.9698e-003 1.8221e-002

-5,9437e-001
1.0000e+000
0

0
0
0

-4.0856e-003
-2.3059e-001
-1.2023e+000

0

0
0
0
0

[ = I = I ]

0
1.2395e-001
-6.6733e-002
-1.2273e+000
0

1]
0
1.0000e+000
0

0O0DO0O0O0OO0 O

0

(=2 = = i =)

-1.4174e-002
-8.4039e-002
-3.5207e-001
0
-2.4849%e-004
5.3690e-001
~5.6093e-002
0

1.0000e+00

0
0
0
0
0
0
0
0
0
0
0

= 15,000 ft (wings level)

-1,
-1.
1.

1.
-1.
-1.

-1.
-8.
-3.

2.

2579e-003
9032e-003
1259e-002

0
1094e-002
2207e+000
2626e-001

0

4174e-002
4039e-002
5207e~-001

0
4849e-004

1}
2.3209e-004
1.753%e-003

0
1.3318e+000

-6.0701e-001
2.9703e-003
1.0000e+000

-2.5238e-002
1.1122e-001
2.6650e-001

0
2.1933e-002

-5.3690e-001 -1.1963e+000
5.6092e-002 -1.2350e-001

1.

-3
3
5
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0

[ = I = R = o }

8063e-001
0
0
o
9096e-005

0

[= = B = I =)

1]
9.7067e-001
-2.4042e-001
0

0

0
5.7485e-005
4.3442e-004

0

-5.3735e+000
3.9515e~-001
2.0646e-002
2.4768e-001

-2.5238e-002
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Mach No. = 0.6, Altitude = 25,000 ft (wings level)
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Mach No. = 0.6, Altitude = 25,000 ft (steady turn, bank angle = 60 deg)
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Mach No. = 0.9 Altitude = 35,000 ft (wings level)
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IL A Design Challenge Solution
A. Introduction

One “solution” to the design challenge described in Part I of this document will
now be presented. The controller design is similar to that presented in Ref. 1, albeit
somewhat simpler in implementation. The design approach involves sliding mode
control (SMC) utilizing asymptotic observers and reference model “hedging” to reduce
the SMC system’s sensitivity to parasitic dynamics, here consisting of the actuator
dynamics that are ignored in the design procedure.

B. Solution
A. Controller Description

Figure 11.1 shows the basic control system structure. Figure I1.2 is a detailed

YO Oy Du(n)
restop I' s RN BUR)
het39 poose
istep phic discretized stick
ypia pse _l command filter
pilot > W)= Cx(n) Du(n) X = Axcs Bu
attitude models N g P e e ¥= Cxtdu

commands
I—V discretized actuators ICE vehicie

[ SMC system

measurements +
noise

14y

égﬁéﬁﬂﬁ it

selector

Figure II.1 The SMC system structure

representation of the continuous form of the “discretized SMC system” identified in Fig.
I1.1. Figure 113 is a more detailed representation of the “sliding mode controllers” shown
in Fig. 11.2. Likewise, Figs. 114, I1.5 and 11.6 are detailed representations of the “hedge
system”, “reference models” and “asymptotic observers” of Fig. I1.2 It should be noted
that all of the possible sensed quantities available with the ICE model were input to the
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observers. The control allocation matrix was created using a pseudo-inverse design
technique [1].

hedge uc

hedge system

control
allocation
reference |
models
sliding mode
controllers
u
xhat
¥y
In8
asymptotic
observers

Figure 11.2 Detail of continuous form of “discretized SMC system” in Fig. II.1
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Figure I1.3 Detail of “sliding model controllers” in Fig. I1.2
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s J 244544

phi hedge signal
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3
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|

beta hedge signal

a0
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Figure I1.4 Detail of “hedge system” of Fig. 11.2
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alpha edged reference model

p hedged reference model

<% |

beta hedged reference model

Figure I1.5 Detail of “reference models” of Fig. I1.2
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Figure 11.6 Detail of “asymptotic observers” in Fig. 11.2

Details of the design procedure will be omitted here. The reader is referred to
Ref. 1 for a thorough discussion of the approach. It should be mentioned here, however,
that the SMC design to be evaluated here is not an “optimum” one. For example, the
hedging logic was created for a single flight condition (Mach No. = 0.6, Altitude =
25,000 ft) and was left invariant for the remainder of the flight conditions evaluated.

It should be noted that the pitch-rate command system was obtained by first
designing an alpha-command system. Then a control stick command filter was placed in
series with the pilot’s longitudinal stick command. The filter was a simple lag/lead
network that produced rate-like pitch attitude responses when input to the alpha-
command system. Since an alpha-command system was actually in evidence, no phugoid
damping was provided by the control system. However, this produced no problems as
the pilot control of pitch attitude provided excellent phugoid damping.
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2.0 Solution Results
Handling Qualities

The bandwidth/phase delay values for each of the four flight conditions are given
below.

Mach No. = 0.3, Altitude = 15,000 ft (wings level)

Pitch Roll
OBW pase 3.69 2.35
(rad/sec)
Tp 0.071 0.11
(sec)

Mach No. = 0.6, Altitude = 25,000 ft (wings level)

Pitch Roll
OBWphase 3.69 2.35
(rad/sec)
Tp 0.071 0.11
(sec)

Mach No. = 0.6, Altitude = 25,000 ft (steady turn)

Pitch Roll
OBW jjase 4.42 2.32
(rad/sec)
Tp 0.065 0.12
(sec)

Mach No. = 0.9, Altitude = 35,000 ft

Pitch Roll
O)Bwphase 5.14 2.32
(rad/sec)
Tp 0.063 0.12
(sec)
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Referring to Fig. 1.8 in Part I of this document, these values are each seen to predict Level
1 handling qualities.

b. Tracking Performance

Tracking performance was examined for flight conditions for nominal and failed
cases. In the case of failures, the failure was introduced 20 seconds into a 50 second run.
The entire failure ensemble described in Section 1.C.8 was accommodated by the
controller. Performance was in the desired categories as described in Section 1.C.7.b
except for the following:

Mach No. = 0.3, Altitude = 15,000 ft, wings-level, nominal
only adequate performance for beta

Mach No. = 0.6, Altitude = 25,000 ft; steady turn ,nominal
only adequate performance for theta

Mach No. = 0.6, Altitude = 25,000 ft; steady turn, failed
only adequate performance for theta

Mach No. = 0.9, Altitude = 35,000 ft, failed
adequate performance not attained for phi

The last of these conditions was the most serious in terms of performance, where
adequate performance was not in evidence for the phi loop. Figures I1.7 through 11.18
demonstrate the performance on a selected set of flight conditions and vehicle modes.
Figure 11.18 demonstrates the significant rate limiting occurring in control effector dE3
(left elevon) after the failure.

Figure I11.7 O tracking Mach No. = 0.3 Altit;de = 15,000 ft, wings level, nominal
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Figure I1.8 ¢ tracking Mach No. = 0.3 Altitude = 15,000 ft, wings level, nominal
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Figure I1.9 B tréc];ingMéch No. = 0.3 Altitude = ]5,00 ft, wings level, nominal
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Figure I1.11 ¢ tracking Mach No. = 0.6 Altitude = 25,000 ft, steady turn, nominal
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Figure 1112 B tracking Mach No. itude
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4 desired ¢ response
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35,000 ft, v;/ings lé;él, nominal

3
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Mach No. 35,000 fi, wings level, nominal

Figure I1.15 P tracking
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Figure 11.16 0 tracking Mach No. = 0.6 Altitude =

¢ desired
failure

¢ response

& ShE e ,
Figure 11.17 ¢ tracking Mach No. 0.6 Altitude = 25,000 ft, steady turn, failure
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failure

failure

reduced rate limits
with fallure

nominal rate limits
before failure = 150 degisec

Figure 11.18 left elevon ?ate, Mach No. = 0.6 Altitude = 25,000 ft, stee;;iy turn, failure
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C. Stability Margins
The stability margin criteria of Section 1.C.7.c were met in all but one case. This
involved the yaw thrust loop in the flight condition Mach No. = 0.6, Altitude = 25,000 ft,
steady-turn. A gain margin of only 3 dB resulted. The corresponding phase margin of 34
degrees met the criterion.
d. Structural Coupling Considerations
The structural coupling criteria of Section 1.C.7.d were violated in four cases. All
three involved the magnitude of the transfer function between pilot pitch input and qp.
The violations were
Mach No. = 0.3, Altitude = 15,000 ft, wings-level; -9.27 dB rather than -10 dB
Mach No. = 0.6, Altitude = 25,000 ft, wings-level; -8.21 dB rather than -10 dB
Mach No. = 0.9, Altitude = 35,000 ft, wings-level; -7.07 dB rather than -10 dB
Mach No. = 0.6, Altitude = 25,000 fi, steady-turn; -8.7 dB rather that -10 dB
Figure 11.18 shows one of the transfer functions above, with the magnitude violation

indicated. These violations were not considered serious, as they essentially could be
interpreted as a slight increase in the 25 rad/sec criterion frequency

25 radisec

b iy . ; A E,& > 4 : té}xv as
Figure 11.18 Transfer function between pilot pitch input and gy, showing violation of
structural coupling magnitude for @ > 25 rad/sec
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5. Control Activity

Five violations of the control activity criterion of Section 1.C.7.e occurred. They
are as follows:

Mach No. = 0.9, Altitude = 35,00 ft, level flight; commands to actuators dE2,
dE12, dE10 and dE20 exceeded the 75% figure.

Mach No. = 0.6, Altitude = 25,000 ft, steady turn, commands to actuator dE12
exceeded the 75% figure.

It should be noted that these five violations were out of a total of 11 x 4 = 44 total
possibilities (11 actuator commands x 4 flight conditions). The violations were each on
the order of 10% above the 75% criterion value).

6. Off-Nominal Flight Conditions

The off-nominal flight conditions were examined with the controller tuned for
Mach No. = 0.6, Altitude = 25,000 ft, but with vehicle dynamics associated with Mach
No. = 0.3, Altitude = 15,000 ft and Mach No. = 0.9, Altitude = 35,000 ft. Figures I1.19
through 11.24 show the results. One tracking performance violation occurred for beta
tracking for the with Mach No. = 0.3, Altitude = 15,000 ft case where only adequate
performance could be obtained.

0 response

o desired

Bk

Fiéureil.l9 0 tvr;ncking for off-nominal condition; controller tuned for
Mach No. = 0.6, Altitude = 25,000 ft, but vehicle dynamics are Mach No. = 0.3,
altitude = 15,000 ft
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Figure I1.20 ¢ tracking for off-nominal condition; controller tuned for

Mach No. = 0.6, Altitude = 25,000 ft, but vehicle dynamics are Mach No. = 0.3,
altitude = 15,000 ft

Figare 21 B trackmlg for off-nominal condition; controller tuned for
Mach No. = 0.6, Altitude = 25,000 fi, but vehicle dynamics are Mach No. =0.3,
‘ altitude = 15,000 ft
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© response

o desired /

Figure 11.22 0 tracking for off-ndmmal éondltlo;l;‘ controller tuned for
Mach No. = 0.6, Altitude = 25,000 ft, but vehicle dynamics are Mach No. = 0.9,
altitude = 35,000 ft

Figh; .23 ¢ ffacklng for off-nominal condition; controller tuned for
Mach No. = 0.6, Altitude = 25,000 ft, but vehicle dynamics are Mach No. = 0.9,
altitude = 35,000 ft

65



Figure 11.24 B tracking for off-nominal condition; controller tuned for
Mach No. = 0.6, Altitude = 25,000 ft, but vehicle dynamics are Mach No. = 0.9,
altitude = 35,000 ft

Scheduling the controller designed herein would be based upon Mach No. and
Altitude. In the implementation used, the only the asymptotic observers and the control
distribution matrix were a function of flight condition. The SMC and hedging systems
were independent of flight condition. It should be noted that is likely that an improved
designs could be obtained by consideration of tuning the hedging system to the flight
condition.

3. Discussion

There was some concern about the amount of control activity in the design just
presented. Therefore, for comparison, a simple controller obtained with classical loop-
shaping techniques was designed and evaluated in the same tracking task for flight
condition Mach No. = 0.3, Altitude = 15,000 ft. This latter design had no asymptotic
observers, and only three variables were assumed to be measured: alphaw, ps, and beta.
Figures 11.25 and 11.26 compare the control activity in the left elevon (dE03). As can be
seen, the SMC design has slightly higher frequency content, but significantly less motion
amplitude. Thus, the SMC design was considered to be acceptable from the standpoint of
sensor noise transmission.
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Figure 11.25 Left elevon activity (dE03) for Mach No. = 0.3, Altitude = 15,000 ft,
for loop-shape design

Figure 11.26 Left elevon activity (dE03) for Mach No. = 0.3, Altitude = 15,000 ft, for
SMC design

C. Conclusions
The controller design that was described and exercised in Part II was intended to
serve as a test case for the design challenge. As pointed out in this section, a number of

violations of the design specifications occurred, although none were “show-stoppers” in
the sense that system stability was compromised. The SMC approach allowed the
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pilot/vehicle system to accommodate the entire suite of failures described in Section
1.C.8, which is notable.
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