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Motivation

t = 0.00 sec Waiting

h = 3500.00 ft Vv = 540.00 ft/s
a = 2.12 deg B = 0.00 deg
N = 0.17 g P_= 0.00 deg/s

[¢ 6 9] = [ 45.0, -72.0, -45.0 ] deg
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Presenter
Presentation Notes
This is a simulation model of the GCAS scenario. This is a verification benchmark. This system already exists. Can reachability methods work on this model?

A reachability solution
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&\‘.'/ The Big Picture

 What is this model?

— Nonlinear model of F-16 (with lookup tables, control saturation)
— Stabilizing linear controller designed at single trim point

— Basic autopilot with discrete & continuous logic
» Speed control
 Altitude hold
» Ground collision avoidance maneuver
» Track to waypoint

— Automatic Pass/Fail tests with optional visualizations

« Where Is it available?

— https://github.com/pheidlauf/aerobenchvvy  [MATLAB]
— https://github.com/stanleybak/AeroBenchVVPython
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Presenter
Presentation Notes
Add slide giving big picture of how control/sim works: nonlin model, lin control, discrete logic

https://github.com/pheidlauf/aerobenchvv
https://github.com/pheidlauf/aerobenchvv
https://github.com/stanleybak/AeroBenchVVPython
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Aircraft Model

Standard Aerospace
Engineering
Nonlinear Model

Stevens & Lewis

DISTRIBUTION A. Approved for Public Release (88ABW-2018-2994)



Presenter
Presentation Notes
16 dimensional nonlinear hybrid model
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A .
\/ State & Control Definitions

State Vector (extended)

v Airspeed (ft/s) Control Vector (Inner Loop)
a Angle of attack (rad) .
B Angle of sideslip (rad) 0] Throttle (%)
¢ Roll angle (rad) u _ 8. | Elevator (rad)
) F16 = |5 | Aileron  (rad)
0 Pitch angle (rad) .
" Yaw angle (rad) 6,1 Rudder (rad)
p Roll rate (rad/s)
Q Pitch rate (rad/s)
x= R Yaw rate (rad/s)
Pn Northward displacement (ft)
Pe Eastward displacement (ft) Reference InpUt (OUter LOOp)
(})lw AItit.ude (ft) N, Down force (g’s)
pN :Ent;zlne lth;l:;t - Ilkff; Upye = | P Stability roll rate (rad/s)
Ze ntegral of down force error gs Ny, +7| Side force & yaw rate (mixed)
J- F, Int of stability roll rate error (rad)
(Ny+1). /| Int of side force & yaw rate error  (mixed)
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§.{ Aircraft Model & Decoupling
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N7 Tuning of LQR Controller

e Controller is tuned to yield pilot-preferred responses
* Good gain and phase margins at the desired gain crossover frequencies

* Good decoupling between Py and Ny, + 1

E o N Rada N
| Gm =inf dB (at Inf radis), Pm = 66 deg (at 10 rads) | | Gm=inf, Pm=69.1 deg (at 3 radis) |
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Presentation Notes
The controller is designed at a single trim point but used throughout the entire flight envelope.
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&\‘.'/ Inner Loop Control Architecture
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\ Fo 3#10%
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LQR Gains 8,
. for integral .
Pilot |npUtS tracking tpys = lge} Aircraft Plant
a
N, K 5
] r
wrl il @ & |-© : :
Ny, +7r S
LQR Gains

for regulation

K
Aircraft Sensors

Continuous dynamics
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Presentation Notes
Linearized model of the aircraft at a trim point

Built controller to achieve pilot-expected frequency responses. Details are in the code.
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\ 2 |
\'.'/ Outer Loop Control Architecture
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LQR Controlled Aircraft

o /

Continuous & Discrete Dynamics
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Outer Loop Control Subroutines

Triggered by pilot, Wings level Path angle
time, or autopilot Roll rate =0 positive
t >t P < €, 0—a>0
lps| < €pg

PD-Controlled
roll to wings
level

Command
5g’s

Continuous & Discrete Dynamics
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&\'.'/ Sample Pass / Fail Specifications

v, A
> Fo 3#1&
Rog 80
R LA

Qo

If V, a, or § exceed the aircraft limits, the

300 L <V <900LL

aircraft has “diverged” or flown out of control sec sec
—10° < a < 40°
—30° < 8 < 30°

If the maneuver is too extreme, then the _

aircraft is overstressed 2g<N;<9g

If the aircraft flies too low, then the aircraft h = hyin

crashes

If the maneuver takes too long, then the
time specification is violated
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Matlab & python check these specifications
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Easy: Engine Control

Case Initial Altitude alt (ft) Initial Speed Vt (ft/sec) Setpoint sp (ft/sec)
1A 10000 1000 [1200, 1220]
1B 10000 1100 [1200, 1220]
1C 10000 [1000, 1100] [1200, 1220]
1D [10000, 11000] 1000, 1100] 1200, 1220]
1E 20000 1000 [2200, 2220]
1F 40000 1000 [2200, 2220]
1G [20000, 40000] 1000 2200, 2220]
1H  [5000, 30000] [1000, 2000] 1000, 2000]
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Presentation Notes
3-dimensional hybrid nonlinear model (because of a lookup table). All other states are held constant.

None of these models have been analyzed for reachability yet, though specific instances are provided.
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edium: Longitudinal Control

Case Initial States

2A-2H  Same as 1A-1H using the airspeed controller and specs

21 Vt = 560, alt = [550, 560], sp=500

2J vVt = 560, alt = [590, 600], sp=[500, 505]

2K vVt = [560, 600], alt = [590, 600], sp=[500, 505]

2L vVt = [560, 500], alt = [600, 500], sp=[700, 800]

2M-2P  Same as 2I-2L with a = [-0.1,0.1], 0 = o, Q = [-0.1, 0.1]
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Presentation Notes
7-dimensional hybrid nonlinear model (because of a lookup table). All other states are held constant.
Mention tables of initial states

Draw attention to Nz hitting -2. Add a red arrow/circle

Add red arrow to altitude spec
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Hard: Ground Collision Avolidance

Simulation Time: ( 0:15) sec
V(0) = 540.00 ft/s h(0) = 4000.00 ft
[¢ 6 ¥1(0) = [ 45.0, -72.0, -45.0 ] deg
Pass/Fail: ability Altitude Time
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Presentation Notes
Full 16-dimensional hybrid nonlinear model.
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\ )
\/ Extra: Track to Waypoint

[ 4
-

Simulation Time: ( 0:30) sec
V(0) = 540.00 ft/s h(0) = 1000.00 ft
[¢ 0 #](0) =[ 0.0, 0.0, 45.0 ] deg
Pass/Fail: bility Altit Time
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https://github.com/pheidlauf/aerobenchvv
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https://github.com/pheidlauf/aerobenchvv
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Aftitudes & Rates (deg, deg/s)

-

ps (radisec), Ny (g's), States & Ctrl (rad)
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Hard: Ground Collision Avoidance

0.5

25

Attitude History
1.
O A Roll Ratep |...
Y Pitch Rate q
Yaw rate r
5 10 15
Time (sec)

Lateral States & Control

Time (sec)
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Control [deg & percent)

F-16 Control

— Throttle
— Elevator g

Aileron
— Rudder

-15
0

Nz (g's), States (rad), States & Ctrl (rad)

a
—1
—-—-Nz .
ef
— Nz
Linear Mz
NZi
Elevator

/2
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Extra: Track to Waypoint
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Airspeed Altitude
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Control (deg & percent)

Extra: Track to Waypoint
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Nz (g's), States (rad), States & Ctrl (rad)

F-16 Control
Throttle
Elevator
Aileron
Rudder
10 15 20 25 30
Tima (ear)
Longitudinal States & Control
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/ Motivation

UHF
VADUEROS
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http://aviationweek.com/air-combat-safety/auto-gcas-saves-unconscious-f-16-pilot-declassified-usaf-footage

https://www.youtube.com/watch?v=WkZGL7ROBVw
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http://aviationweek.com/air-combat-safety/auto-gcas-saves-unconscious-f-16-pilot-declassified-usaf-footage
https://www.youtube.com/watch?v=WkZGL7RQBVw
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