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The goal of this course is to teach:

e tensor flight dynamics,

e flight simulation, and

e robust and adaptive multivariable linear and nonlinear flight control systems design
for the efficient construction and execution of six-degree-of-freedom (6-DoF) simulations of air
vehicles, such as aircraft and missiles, in MATLAB and Simulink, including automated stability,
robustness and performance analyses.

The course is intended for engineers and scientists involved in the modeling, simulation, design, and
analysis of complex interdisciplinary flight control systems. Attendees are expected to have a basic
understanding of control systems (frequency-domain and state-space methods) and also be familiar
with the MATLAB and Simulink modeling and simulation environment.

The first day of the course shall be devoted to flight dynamics and simulation, studying the rigid-
body equations of motion for a round and rotating Earth, in tensor form (invariant under coordinate
transformations); the simplified, more familiar, stationary and flat Earth equations of motion shall
also be considered. These tensor equations will be resolved in a convenient coordinate system using
matrices, for MATLAB and Simulink implementation. Important modeling and simulation aspects of
air-vehicle aerodynamics, propulsion system, flight controls, actuation, feedback sensors, Earth and
gravity, and the atmosphere (atmospheric properties and atmospheric disturbances, such as
turbulence) shall also be addressed, which are the bare necessities of 6-DoF simulations (also
required for robustness and performance analyses of flight control systems during the second day of
the course). All demonstrations will be based on a conceptually designed hypothetical, yet realistic,
full operational envelope 6-DoF benchmark problem, which is constructed in MATLAB and Simulink
environment using the latest version, and posed as a research and educational challenge for flight
control systems design. The required open-source simulation tool and datasets, covering all
aerodynamic, propulsive, and mass-inertia properties of the airframe for full nonlinear and coupled
6-DoF equations of motion of rigid-body flight dynamics, will be distributed to all participants of the
course as additional resources in order to create the necessary platform for testing controller
performance and robustness under demanding requirements and conditions.

The second day of the course covers detailed robust and adaptive flight control systems design using
multivariable linear optimal control and nonlinear control methods (state-dependent Riccati
equation control, sliding mode control, model reference adaptive control, and combinations of
these) frequently used in the aerospace industry, and involves 17 years of first instructor’s
experience (12 of which have been in the aerospace/defense industry) and more than 30 years of



second instructor’s experience. Upon completion of this intense course, attendees will be able to
model, simulate, control and analyze flight control systems in 6-DoF using MATLAB and Simulink.

Course notes and additional resources will be distributed to all participants on the first day of the
course. These materials are for participants only and are not available for sale or unauthorized
distribution.

SCHEDULE: July 8, 2017
FLIGHT DYNAMICS & SIMULATION
09:00 — 09:45 : Tensors, Frames and Coordinate Systems

e Definitions

e Notations and Conventions

e Reference Frames and Coordinate Systems (Earth, Vehicle, Wind, Flight Path, Propulsion)

e Kinematic Relationships (Orientation Angles, Coordinate Transformations, Angular Velocities,
Angular Rates)

09:45 — 11:00 : Tensor Flight Dynamics

e Translational Motion
e Rotational Motion
e Forces and Moments

11:00 — 11:30 : Aerodynamics

e Aerodynamic Definitions
e Aerodynamic Coefficients (Component Buildup, Functional Dependency, Uncertainty Modeling)
e Computational Aerodynamic Data (Aerodynamic Database) for Simulations

11:30—-12:30 : 6-DoF Benchmark Case Study

e System Requirements (Tactical, Operational, and Flight Controls)

Configuration Geometry

Mass-Inertia Properties

Propulsive Characteristics

Aerodynamic Characteristics (Aerodynamic Stability, Maneuverability, and Trim Analysis)
14:00 — 14:45 : Earth and Gravity

e Geodesy
e WGS84 Oblate Spheroid Earth
e Gravity (Zonal Harmonics Gravity, Ellipsoidal Gravity, Standard Gravity)

14:45 — 15:30 : Atmosphere

e Atmospheric Properties (Atmospheres Layers, Standard and Nonstandard Atmospheres)
e Atmospheric Disturbances (Wind, Gust, Turbulence, and Wind Shear)



15:30—16:15 : Flight Controls

Actual & Virtual Aerodynamic Control Surfaces
Control-Surface Sign Conventions

Control Allocations (Blending Logic)

Thrust Vectoring

Control Actuation

Feedback Sensors

16:15 - 17:00 : Derivation of the Equations of Motion for Flight Control Systems Design & Analyses

Nonlinear Airspeed and Incidence/Wind-Angle Dynamics
Nonlinear Body-Rate and Body-Acceleration Dynamics
Nonlinear Bank-Angle and Flight-Path-Angle Dynamics
Linear-Parameter-Varying Models

17:00 — 17:30 : 6-DoF Benchmark Case Study & Wrap-Up

Earth and Gravity
Atmosphere
Flight Controls

SCHEDULE: July 9, 2017

FLIGHT CONTROL SYSTEMS DESIGN

09:00 — 10:00 : Multivariable Robust and Optimal Control Design

Robust Linear-Quadratic Integral Servomechanism
Frequency-Domain Performance and Robustness Specifications
Weighting Parameter Selection

Gain Scheduling for Flight Control Systems

10:00 - 10:30 : State-Dependent Riccati Equation (SDRE) Control Design

State-Dependent Coefficient (SDC) Parameterization

SDRE Controller (Regulation and Integral Servomechanism): Structure and Conditions
SDRE Design Parameters

SDRE Inner-Outer Loop Design for Flight Control Systems

10:30 - 11:30 : Sliding Mode Control Design (SMC)

Sliding Surface and Sliding Mode

Switching Control to Ensure Sliding Mode

Robustness of Sliding Mode to Disturbances and/or Uncertainties
Chattering Phenomena and Chattering Reduction

11:30 - 12:30 : Model Reference Adaptive Control Design (MRAC)

MRAC Scheme
Assumptions for MRAC Design
Adaptation Rule Design



14:00 — 15:30 : Combined Control Design Methods

e LQR + MRAC Flight Control Systems Design
e SDRE + MRAC Flight Control Systems Design
e SDRE + SMC Flight Control Systems Design
e SMC + MRAC Flight Control Systems Design

15:30—-17:30 : 6-DoF Benchmark Case Study & Wrap-Up

e Test Cases
e Feedback (Sensor) Delay Analysis
e Aerodynamic Uncertainty Analysis
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