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Motivation

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/aerobenchvv [MATLAB]
– https://github.com/stanleybak/AeroBenchVVPython

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
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Stevens & Lewis

Standard Aerospace 
Engineering 

Nonlinear Model

Presenter
Presentation Notes
16 dimensional nonlinear hybrid model
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State & Control Definitions
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State Vector (extended)

Control Vector (Inner Loop)

Reference Input (Outer Loop)
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Aircraft Model & Decoupling

𝑃𝑃𝑠𝑠

𝑁𝑁𝑦𝑦

𝑁𝑁𝑧𝑧

𝑁𝑁𝑦𝑦 + 𝑟𝑟

𝑁𝑁𝑧𝑧 is the downward g-
force felt by the pilot.

𝑃𝑃𝑠𝑠 is the stability roll 
rate (roll rate about the 
velocity vector)

𝑁𝑁𝑦𝑦 + 𝑟𝑟 is a combination 
of the side force and 
yaw rate (undesirable)

Longitudinal Dynamics

Lateral Dynamics
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Tuning of LQR Controller

• Controller is tuned to yield pilot-preferred responses
• Good gain and phase margins at the desired gain crossover frequencies
• Good decoupling between 𝑃𝑃𝑠𝑠 and 𝑁𝑁𝑦𝑦 + 𝑟𝑟

Lateral Dynamics & Control

Presenter
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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Pilot Inputs

LQR Gains 
for regulation

LQR Gains 
for integral 

tracking

Continuous dynamics
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Aircraft Plant

Aircraft Sensors

Presenter
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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Outer Loop Control Architecture
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Autopilot

LQR Controlled Aircraft

Continuous & Discrete Dynamics
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Outer Loop Control Subroutines

PD-Controlled 
roll to wings 

level

Command
5 g’sStart End

Triggered by pilot, 
time, or autopilot

Wings level
Roll rate = 0

𝜙𝜙 < 𝜖𝜖𝜑𝜑
𝑝𝑝𝑠𝑠 < 𝜖𝜖𝑝𝑝𝑠𝑠

𝜃𝜃 − 𝛼𝛼 > 0𝑡𝑡 ≥ 𝑡𝑡0

Path angle 
positive

Continuous & Discrete Dynamics
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Sample Pass / Fail Specifications

If 𝑉𝑉, 𝛼𝛼, or 𝛽𝛽 exceed the aircraft limits, the 
aircraft has “diverged” or flown out of control

If the maneuver is too extreme, then the 
aircraft is overstressed

If the aircraft flies too low, then the aircraft 
crashes

If the maneuver takes too long, then the 
time specification is violated

300 𝑓𝑓𝑓𝑓
𝑠𝑠𝑠𝑠𝑠𝑠 < 𝑉𝑉 < 900 𝑓𝑓𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠
−10° < 𝛼𝛼 < 40°
−30° < 𝛽𝛽 < 30°

−2 g < 𝑁𝑁𝑧𝑧 < 9 g

ℎ ≥ ℎ𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑓𝑓 − 𝑡𝑡𝑖𝑖 > 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚

Presenter
Presentation Notes
Matlab & python check these specifications
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Easy: Engine Control

2 Variables

Presenter
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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Medium: Longitudinal Control

7 Variables

Presenter
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 Avoidance

16 Variables

Presenter
Presentation Notes
Full 16-dimensional hybrid nonlinear model.
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Extra: Track to Waypoint
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https://github.com/pheidlauf/aerobenchvv

https://github.com/pheidlauf/aerobenchvv
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Hard: Ground Collision Avoidance
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Extra: Track to Waypoint
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Extra: Track to Waypoint
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Motivation

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

https://www.youtube.com/watch?v=WkZGL7RQBVw

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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