Spanwise Adaptive Wing
June 23, 2018




National Aeronautics and Space Administration

Agenda

 Sim Architecture

 Phase 1 Tasks
— HQ Analysis
— Mission Planning
— Failure Analysis

— Maneuver Planning

 Phase 2 Tasks
— Completed

— Current
— To-do
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AFRC Core Simulation

Fixed-based engineering simulation

Non-linear 6-Degrees-of-freedom (6-DOF)
— Oblate, rotating earth, Low-Earth-Orbit (LEO) capable
— Traceability to certified Shuttle simulation, X-30 (NASP), and X-33

Oracle Linux Server release 6.9

Server Class Hardware

— Intel Xeon E5 2699V3 3.2 GHz
— 72 Threads

— 400G Ram

— 36 Cores

Spanwise Adaptive Wing
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Scripting

« Access to all symbol table variables

PTERA-SAW 5im V1.05 - Core ¥8.01 May 1, 2018 - RST intcht=14412

Source

Clock Tirme Twhe Message
113 11 15:30:42.343 0000 WAR Cs.aut.dail_ro
° Uses CaIC Ian ua e 15:30:42.418 0.000 VAR Cs.out. lwinglet
15:30:42.534 0.000 WAR Cs.aut.rwinglet
15:30:42 685 0.000  MASS nowe =false
15:30:42 760 0.000  MASS fuel_ic=58
H 15:30:42.911 0.000  KML pred_dt=_1
—_— Mathematlcs 15:30:42 987 0.000  KML pred_steps=500
15:320:43.093 0.000  KML pred_was=1
15:20:42.168 0.000 KML range=¢<
15:20:43.244  0.000 ML wiew_ctrl=true
1 H 1 15:20:43.219 0.000  KML track_dt=.1
— Arithmetic functions
15:20:42 470 0.000 KML auto_heading=true
15:20:43.546 0.000  KML heading=0
15:20:43.655 0.000  KML start

PY 15:20:42.680 0.000 IMFO TCP: HTTP server started on port 7020

an Set Va u eS 15:30:42.806 0.000 CHART O
15:20:42.881 0.000  CHART cannect
15:20:43.907  0.000 IMFO Chart: connected to '120.134.105. 134"
15:20:43.857 0000 CHART num_panels=7

— 15:30:44.033 0.000 CHART host="120.134.250. 132"
— Name=value syntax 33044108 oo OpRT  den
15:30:44.212  0.000 CHART 1

15:30:44.288  0.000 CHART add phi*180/3.14
1530044363 0.000 CHART signal_max=50
15:30:44.438  0.000 CHART signal_min=-50
15:30:44.514  0.000 CHART 2
15:30:44.580  0.000 CHART add p*180/3.14
15:30:44.665  0.000 CHART signal_max=70
15:30:44.772 0.000 CHART signal_min=-70
15:30:44.848 0.000 CHART 3
15:30:44.923  0.000 CHART add tha"180/3.14
15:30:44.999  0.000 CHART signal_max=30
15:30:45.074  0.000 CHART sighal_min=-30
15:30:45.150  0.000 CHART 4
15:30:45.225  0.000 CHART add q¥180/3.14
15:30:45. 335 0.000 CHART signal_max=40
15:30:45.411 0.000 CHART signal_min=-40
15:30:45. 486 0.000 CHART 5
15:30:45 562 0.000 CHART add r180/3.14

15:30:45 637 0.000 CHART sighal_max=30
15:30:45 713 0.000 CHART sighal_min=-30
15:30:45 788 0.000 CHART &

15:30:45 899 0.000 CHART add weas
15:30:45 975 0.000 CHART sighal_max=130
15:30:46.050 0.000 CHART sighal_min=0
15:30:46.126  0.000 CHART 7

15:30:46.201 0.000 CHART add Mass out fuel_weight
15:30:46.277 0.000 CHART sighal_max=64
15:30:46. 352 0.000 CHART sighal_min=0
15:30:46.457 0.000 CHART o]

.

sCript/start_ptera_sys
sCript/start_ptera_sys
sCript/start_ptera_sys
sCript/start_ptera_sys
sCript/start_ptera_sys
sCript/start_ptera_sys
sCript/start_ptera_sys

SCHipt/star_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...

SIM

sCript/start_ptera_sys...
sCript/start_ptera_sys...

SIM

sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
sCript/start_ptera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...
SCHpT/Star_piera_sys...

SCHipT/star_ptera_sys
sCript/start_ptera_sys
sCript/start_ptera_sys
sCript/start_ptera_sys
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sCript/start_ptera_sys
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Data Recording

« Access any symbol table variable; calc

expressions

[ controls | HUD ["Map | RT3D [ Data Out | Dataln | 1553 | KML | PTERA |

« Selectable signal list file —

HLD Signal List |data,fwrtsigs.dat Browse
PY Selectable record I ng rate oP Output File: |rec1.dat Erowse
Inputs: Status:
Initial I1C
- - smaics | Clnecna st o s e
» Selectable recording duration e ]| B crear on Loas Retards Wi 0
Landing [] Use IRIG time tags E:??;fg\::‘rﬁu(zifs): 6"‘""25
« Disk access by separate thread avoids T SEil -]
Start Time (Secs) o] |
frame overruns I Winds on
[ ] Gusts On Delta Frames 1 Signal List Tools:
[] Turbulence Delta Time (Secs) 0.0025 View/ Edit List Clear List
Open Signal List Alphabetize List
[ ] Autopilot
] Mux Max Records 0 Save List to File Reset All Values
] ARTS Max Time (S&cs) o]
[] Joystick
Close Commands:
Help — <
Init File || Start || Stop || Close File

www.nasa.gov s
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Linear Model Generator

» Creates a linear model to be importedino.......... .=~
Matlab/Simunnk. :;INP'_I'EI:.:—e:.;wM;dmel\:;:::rlrulr.05 - Linearized Model =

% Alticude = 4300.02 Tt,  Mach = 0.14548
%
. % o¥dot = [A] X+ [B] U
« State Matrices R LA
%
— X = [q’ a|pha, v, theta, h, p, I, beta, phi’ pS|] E [~ ooaon / oeL) M2 oen /oay Facor] - pécost) /o)
Y: ci_alpdot = d{cmn) Aodialpdot) B
. . . . . % Clft_alpdot = d{c17t) / d{alpdot)
— U = [differential inboard ailerons, differential % msin - D a(ae
outboard ailerons, elevator, rudder, flap, left EX ol me v ot n b see o, pet]
Winglet, rlght Wlﬂglet] j U = [dail_i_dif, dail_o_dif, elv, rud, flaps, Twinglet, rwinglet]
?: N = [an, anx, anz_cs, any, any_cs)]
— Y= [an, anx, anZ_CS, any, any_CS] % Coef = [Ctb, Ctb, CZb, C1, n, Cn]

Inputs s onmands:
—_— calc ——x put simulation into hold and calculate matrices
- Coef - [CXb, Cyb, CZb, CI, Cm, Cn] save <filex --> save results to <Tilex {detault=Tlinear.m}
Toad <filex --»= load the config file {(default=../../ src/Tin/Linbata.ctg)
help --» displaw help information
e Output Matrices o "
Configuration File: ../ ../ src/Tindlinbata.cfy
— A, B, H, F, A coefficients, B coefficients X - |
Trimmed Delta Delta
1 Mamie Walue Walue Walue Lahel
. . 0 q 0, Q000 1.0000 degsfsec 0.0175 radssec Body axis pitch rate (ra
° E h t t bl p 't b d d tp t 1 alp 0.0827 1.0000 deg 0.0175 rad Angle of attack (rad)
aC S a' e Varla e IS er ur e an Ou u 2 i 160 0000 1.0000 fr/sec 1.0000 Tr/sec True airspeed relative 1
3 tha 0.0857 1.0000 deg 0.0175 rad Fitch angle {rad)
Sta’tes are recorded 4 h 4300.0213 1.0000 Tt 1.0000 Tt Altitude (T
5 n -0.0001 1.0000 deg/sec 0.0175 rad/sec Body axis roll rate {rai
4} r =0 0000 1.0000 deg/sec 0.0175 rad/sec Body axis waw rate {rad
7 hta 0, 0000 1.0000 deg 20,0175 rad Angle of sideslip {rad)
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PTERA-SAW Simulation Architecture

Boeing SMA AFRC SAV\I{“:Si.m“ul.ation

Area-1 FCC
Emulator

Emulator

CE

i)

Area-l
Multiplexer
Application

frl
g ;
l
2 i
'l

AFRC ARTS V
Controller

Area-l1 Map
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Phase 1 Handling Qualities Analysis

« Verification & Validation of Area-I control laws for phase 1
flight

— Margins of control laws

— Performance at various speeds and winglet angles
— SMA hinge moment effects
— Linear Model Generator

— Pilot testing and evaluation

Spanwise Adaptive Wing www.nasa.gov s
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Boeing SAW SMA Controller

« Shape Memory Alloy (SMA)
e SAW Actuator Model

* Inputs
— Tube command (degrees)
— Hinge moments
— Air speed
e QOutputs
— Tube Position
« Beagle Bone Hardware
— Simulink Model
— UDP interface

ST
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e Sim runs were used to
determine responses
of the aircraft to
perturbations to the
outboard ailerons at
different winglet cant
angles

— Useful for control

design and flight
prediction

—LO Aileron |

o
g1t
= ( t —RO Aileron
.g 0 {
(@]
]
@ -1 \ -
- © 1 1 | | | } | ! !
0 1 2 3 Z 5 6 7 8 9 10
time, s
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Phase 1 Mission Planning

 Various flight patterns were assessed to determine the most desirable
routes
— Circular pattern with steady G’s were studied

— Oval pattern with long straightaways were determined to be better

Spanwise Adaptive Wing www.nasa.gov u
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Phase 1 Sim Failure analysis

« Various failure studies were
conducted to determine the
range of the aircraft in the event
of a flight failure

— Engine Out
— Lost communication

— In this case, it was assumed the
servo control box had failed and the
engines were cut to terminate the
system immediately

ST
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deflection, deg

deflection, deg deflection, deg deflection, deg

Multisine Maneuver Design

-6-LO Aileron
a /|- RO Aileron

A AR

o ||~ RI Aileron | |
é

-©-LI Aileron

15
1+ —+Rudder| |
0+ L

-1k 4
0 10 15
0
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0 10 15

time, s

Outputs

q, deg/s p, deg/s

r, deg/s

10 Speed = 90 kts, Winglets = 0 deg
T T

=-&-roll rate
o
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Phase 2 Sim Tasks

 Incorporate flight data in new SAW Version 1.05
« Ongoing work

— Design and testing of ARTS control laws for flight

— Determination of ARTS ICD to PTERA flight computer

— Maneuver design

 Future work
— V&V of ARTS control laws

ST
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NASA ARTS V

« Airborne Research Test System V
 NASA Control System

— Interfaces to Area-l1 Maestro in the
aircraft

— Bypasses Area-Il applications in the
simulation environment

* Interfaces to the control system model
In the simulation

- Beagle Bone Hardware
— Simulink Model
— UDP interface

ST
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Phase 2 ARTS Design

* Design and testing of ARTS control laws for phase 2 flight
— Added capability to control the ailerons on the SAW winglet surface
— Upgraded the ARTS ICD for flight
— Added safety features for enabling arts

* Improved trim functionality

* Trim to Area-l controller’s last surface command before handoff

— Added safety features for maneuvers
 Added a runtime assurance module

e |f the ARTS exceeds limits, control will switch back to Area-l controller

ST
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ARTS Controller

Il{"'—iq <
° BOEING * ™

Thisis the flight control software for the
ARTS which iscapable of using the outer
aileronsto control the aircraft.

version 4.0.0

Terminator

Decode packet from PTERA ARTS Software Form ARTS send packet

Spanwise Adaptive Wing www.nasa.gov 17
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Phase 2 Handling Qualities Analysis

« Maneuver design for phase 2 flights
— Crosswind design experiment using control surfaces only to model a crosswind
— Doublets to Dutch Roll using aileron or rudder

— Open-loop testing to get the comparative benefits of using NASA’s outer aileron yaw
control system

Www.nasa.gov s
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Phase 2 To-Do

* V&V of ARTS control laws
— Margins
— Performance

« Simulation of PTERA flight computer talking to ARTS control laws

— Commands from PTERA autopilot to ARTS control laws

AFRC ARTS V
Controller

=
=9

Area-l FCC
Emulator

ST
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Backup Slides
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Inputs

Roll, pitch, yaw stick
Roll, pitch, yaw angles
Roll, pitch, yaw rates
Angle of attack

True Velocity

Winglet Positions

Maneuver controls

ST

ARTS Interface

Outputs
* Qutboard aileron positions

* Inboard aileron positions
« Elevator positions

* Rudder position

www.nasa.gov 2
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Data Results

. . g o P
F-18 SRA Baseline vs. Current Sim SOEING

° Q u i C k P I t CASE_01 16k 0.60M Longitudinal Pulse page 1/8

— Example at right & fOIIOWing 3

page R S S

— Plot script files can be
embedded within the
simulation script

« Matlab
— gdload() to import data

F-18 RelSW Apr 9,2007 44.000 RFCS 00.00.00 04/09/07 13:49:44
F-18 Dev SW Nov 6,2008 48.010 RFCS 00.00.00 04/02/09 11:48:56

Www.nasa.gov 2
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Phase 1 Sim Uses

« Handling qualities analysis

 Verification & Validation of Area-I control laws
* Falilure effects analysis

« Maneuver design for phase 1 flight

 Flight pattern determination for phase 1 flight

ST

Spanwise Adaptive Wing www.nasa.gov




National Aeronautics and Space Administration

Area-1 GCS

FUEL DATA

« UDP Interface to the Area-I
Multiplexer application

 Joystick Interface

0.0
LBS/HR

45200000: 46

 Autoplilot controls

NM REM

—LDG GEAR—
360 CRS
FLAPS [ 0]
SPLRS

Engine 1:  0:08:06 ROLL PITCH

OFF
/T\) E 0N

Engine 2:  0:06:34
YAW

OFF
Lo T |
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SAW-Specific Models

e Actuators « Control System
* Aerodynamics * Landing Gear
* Engine « Mass Properties
Engine [«

« Fuel Tank mocel

,|  Mass/

Fuel
ot [ et L A ) e e o
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Simulation Images
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