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A Brief Review inAerospace Dynamics
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 MAE 142Department of Mechanical & Aerospace Engineering
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 Agenda
 • Intro / Continued Motivation• Finish L&L Fundamentals Derivations• Quick Overview of Modern Spacecraft/Aircraft• 3D Rigid Body Dynamics
 – Kinematics / Reference Frames / Attitude Representations
 – Kinetics
 • Rigid Body Dynamics with Momentum Exchange Devices
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 TLAs & ETLAs Galore
 • ACS – Attitude Control System
 • CMG – Control Moment Gyroscope
 • DCM – Direction Cosine Matrix
 • ECEF – Earth Centered, Earth Fixed
 • ECI – Earth Centered, Inertial
 • EOM – Equations of Motion
 • GNC – Guidance, Navigation, & Control
 • MIMO – Multi-Input, Multi-Output
 • NED – North East Down• PIO – Pilot Induced
 Oscillation• RWA – Reaction Wheel
 Array• SISO – Single Input,
 Single Output• TLA – Three Letter
 Acronym
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Finish Fundamentals Derivation
 Breakout to L&L
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 The Modern Spacecraft
 Radiators
 Fuel/Oxidizer
 Ion Propulsion
 (From Boeing’s website)
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 Types of Spacecraft(from an ACS perspective)
 • Passively Stabilized– Gravity-gradient (DeBra-Delp criteria)– Spin– Dual-spin
 • Actively Stabilized– 3-axis
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 Typical GEO Spacecraft Mission
 • Separate from launch vehicle• Reorientation for burns• Raise perigee, tweak inclination: 1-2 weeks• Deployments: 3-4 days• Station keeping to circularize orbit• Payload testing: months• On-orbit lifetime: 5-15 years• Deorbit
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 Spacecraft Sensors for Attitude Determination
 • Angular Rate Sensors (3-axis gyroscope)
 • Sun Sensors
 • Horizon Crossing Indicators
 • Beacons (RF/laser)
 • Star Trackers
 • Magnetometers
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 Momentum Exchange Devices
 • Convert solar electrical power to momentum for precision attitude pointing and control
 • Use the conservation of momentum• Types of devices:
 – Reaction Wheel Arrays (RWA)• Low torque / high momentum storage
 – Momentum Wheels (slowly gimbaled, nearly fixed speed RWAs)• Add momentum bias to spacecraft
 – Control Moment Gyroscopes (CMG)• Single Gimbal - High torque / low momentum storage• Dual Gimbal – Medium torque / medium momentum storage• Variable-speed CMGs – variable torque / very low momentum
 storage
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 Nonconservative Actuation
 • Types:– Pressurized cold gas expulsion (low thrust/low Isp)– Fuel/oxidizer thruster (high thrust/medium Isp)– Ion propulsion (low thrust/high Isp)
 • Used for:– Momentum dumps– Station keeping– Reorienting the momentum vector– Changing orbit ephemeris
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 The Modern Aircraft
 Dual-use control surfacesCrazy nonlinear aerodynamics / dynamics
 Control loop inside of loop, inside of loop, inside of loop…
 Multi-mission (multi-disturbances)
 (From Northrop Grumman’s website)
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 Types of Aircraft(from a GNC perspective)
 • Passively Stabilized– Pilot is control system (and primary disturbance)– Aircraft meets Cooper-Harper flight qualities
 • Quasi-Passively Stabilized– Yaw dampers for better handling
 • Actively Stabilized– Full Fly-by-Wire– Autonomous– Plane falls out of sky when controller is off
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 Aircraft Sensors for GNC
 • INS (inertial navigation system)– 3-axis gyro– 3-axis accelerometer
 • GPS
 • Barometric altimeter
 • Magnetic compass
 • Radio beacons (VOR, etc.)
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Dynamics
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 Philosophy• Dynamics = ( (Kinematics) + Kinetics) + Constraints• A very non-commutative field of study!• Kinematics: how vectors move over time
 – The “a” in F = ma– Most analysis time is spent here for complex systems
 • Kinetics: how a rigid body or a system of rigid bodies moves over time– Applying “F” and “m” in F = ma– Need to do the kinematics before applying the kinetics
 • Constraints are applied to the unconstrained EOMs above for the following reasons:– Hold bodies together (if not implicitly addressed above)– Restrict the path of motion to some prescribed trajectory– Enforce contact conditions (i.e. no-slip condition on a wheel to the
 ground, a ball bouncing, etc.)
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 Various Denominations in the Holy Church of Dynamics
 • Energy Methods– Lagrange– Hamilton (Legendre transform of Lagrangian)
 • Momentum Methods– Newton-Euler– Recursive Newton-Euler (popular in robotics)– Kane’s nomenclature wrapper to Newton-Euler– A vast cornucopia of variations to these first 3 N-E
 methods exist that are also equivalent
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Common Reference Frames, Kinematics, and
 Attitude Representations
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 ECEF & NED
 • ECEF– XYZ fixed to Earth
 • NED– X is always parallel to
 lines of constant longitude
 – Y is always parallel to lines of constant latitude
 – Z is always pointing towards the center of the Earth
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 Aircraft/SpacecraftGNC/ACS Body Frame
 • Note: most aerodynamicists use a reference frame that is rotated 180 deg about the Y axis, such that X points from nose to tail and Z points up
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 Direction Cosine Matrix
 • DCM is a proper nonsingular attitude representation
 • DCM converts a vector in one coordinate system to another
 • Orthonormal• Ask your math friends
 about the specialness of the DCM being in the SO(3) group
 332313
 322212
 312111/
 ˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆˆ
 ababab
 ababab
 ababab
 C ab
 a3
 a2
 a1
 b 3
 b 2
 b 1
 ICCCC
 CCabTabTabab
 abTab
 ////
 1//
 aab
 b vCv /
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 Euler’s Rotation Theorem
 • A rotation between two orthogonal frames can be parameterized by a vector and a rotation angle about that vector
 • Rotation vector is the same as the eigenvector of the DCM corresponding to an eigenvalue of one
 • Complex conjugate eigenvalues contain rotation angle
 0
 0
 0
 sinˆˆcos1cos
 ˆˆ
 exp,1
 ˆˆ
 12
 13
 23
 /
 3,21
 /
 1
 vv
 vv
 vv
 v
 eeeIC
 de
 j
 ddC
 Tab
 ab
 a3
 a2
 a1
 b 3
 b 2
 b 1
 e
 Φ
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 Quaternions
 • Directly derived from Euler’s theorem
 • A nonsingular representation of attitude
 • Computationally efficient to propagate in time (only 4 parameters, no trig functions!)
 • Ask you math friends about the specialness of quaternion algebra and the non-commutativeness of its field
 3
 2
 1
 4
 3
 2
 1
 3
 2
 123
 22
 21
 24
 /
 2
 3
 2
 1
 4
 3
 2
 1
 22
 1
 2cos
 2sin
 2sin
 2sin
 q
 q
 q
 q
 q
 q
 q
 q
 q
 q
 IqqqqC
 q
 e
 e
 e
 q
 q
 q
 q
 T
 ab
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 Non-commutativity of Attitude
 • Sequence matters in successive rotations/transformations!
 bcababbc
 acabbc
 ac
 TbcTabc
 Tabbc
 aabbc
 c
 ab
 Tab
 CCCC
 CCC
 vvCCvCC
 vCCv
 vvC
 ////
 ///
 ////
 //
 /
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 Derivative of a Vector in a Rotating Frame of Reference
 • The angular velocity (Ω) is the angular rate of change of the body frame with respect to the inertial frame, in the body frame coordinates
 • Can be derived from notational nuances of inertia Dyadic or a geometric infinitesimal rotation argument (as in L&L)
 bodyinertial
 Vdt
 dV
 dt
 dV
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 Propagating Attitude through Time(Direction Cosine Matrix)
 • Using the definition of the time derivative of a vector in a rotating frame, the time derivative of the DCM can be found. The following forms are equivalent results:
 Tab
 Tab
 abab
 abab
 Cdt
 dC
 Cdt
 dC
 Cdt
 dC
 //
 //
 //
 0

Page 26
                        

MAE142, A. Cavender Department of Mechanical and Aerospace Engineering
 26
 Propagating Attitude Through Time(Quaternions)
 321
 4
 3
 2
 1
 qqq
 Iq
 q
 q
 q
 dt
 dq
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Kinetics
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 Mass Properties Review
 • Center of mass• Inertia tensor• Parallel axis theorem• Transformation of inertia
 tensor to a new frame: • Principle axes
 abb
 Taba CJCJ //
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 Newton’s 2nd law
 • When observed from an inertial reference frame, the net force on a particle or body is equal to the time rate of change of its momentum (calculated at the center of mass in the following examples)
 dt
 dJ
 dt
 Jd
 dt
 Jdh
 dt
 vdm
 dt
 mdv
 dt
 mvdpF
 )()()(
 )()()(
 *Note that from here on the angular velocity ω is equivalent to Ω in L&L
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 EOMs for a 3D Rigid Body
 • Using the time derivative of a vector definition, rigid body assumption (mass/inertia are fixed), and Newton’s 2nd law, the standard EOMs for a rigid body can be written:
 JJhh
 mvvmppF
 “Newton’s equation”
 “Euler’s equation”
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Torque-Free Rigid Body Rotational Motion about the
 Center of Mass
 0 JJ
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 Common Motions
 • Nutation (or “Coning”)– Nutation angle is the angle between the body spin
 axis (Zb in following examples) and the momentum vector in the body frame
 – Constant in special cases, time-varying in general• Precession
 – Prograde for a Prolate Body (body cone rolls around space cone)
 – Retrograde for an Oblate Body (body cone rolls inside of space cone)
 – Rate of precession is how fast the body cone rolls on the space cone
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 Special Case #1: Prolate body (Jzz<Jxx, Jxx=Jyy, Jxy=Jxz=Jyz=0)
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 Special Case #2: Oblate Body (Jzz>Jxx, Jxx=Jyy, Jxy=Jxz=Jyz=0)
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 The General Case

Page 36
                        

MAE142, A. Cavender Department of Mechanical and Aerospace Engineering
 36
 Poinsot’s Visualization
 • Constructed by intersecting the momentum sphere with the energy ellipsoid at different energy levels
 • The traces are the motion of the angular momentum vector in the body frame Minor Axis
 Major Axis
 Intermediate Axis
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 Stability
 • When there is no energy dissipation (nearly physically impossible):– Major and minor axes and a
 large area around them are stable
 – Intermediate axis is not stable
 • When the principle axes are not aligned with the geometric axes, the exact equilibria can be found from an eigenvalue problem where the eigenvectors are the directions of the equilibria:
 ˆˆ
 0
 0
 0
 J
 J
 J
 JJ
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Not-So-Rigid Body Dynamics
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 Kane Fuel Slosh Model
 • Models a fuel slug in a spherical tank (very well when tank is full)
 • Conserves momentum• Modeled as a spherical inertia (Jd) with a layer of viscous
 damping (Cd) acting between it and the body (J), where ωd is the angular rate of Jd relative to the body
 ddd
 ddddd
 d
 C
 JJ
 JJ
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 Poinsot’s Visualization with Energy Dissipation due to Fuel Slosh
 Major Axis
 Intermediate AxisMinor Axis
 • Only two stable equilibria now at the +/- major axis (shown from above in the plot below)
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Multi-Rigid Body Dynamics
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 An Illustrative 2D Problem
 • Two disks are free to rotate in the plane, translation is fixed• Only attachment between disks is via a motor that outputs an
 unrealistic instantaneous torque• Frame 1 is the body frame of the 1st body, Frame 2 is the body
 frame of the 2nd body, Frame 0 is fixed in inertial space
 X0
 Y2
 Y0
 X1
 Y1 X2
 θ1
 θ2
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 Lagrange Method, Version 1
 22
 11
 222
 211
 02
 1
 2
 1
 J
 J
 Qq
 L
 q
 L
 dt
 d
 VTL
 V
 JJT
 iii
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 Lagrange Method, Version 2
 1222
 122211
 121222
 122211
 122
 211
 2
 12211
 12
 00
 02
 1
 2
 1
 JJ
 JJJ
 JJJ
 JJJ
 JJ
 JJ
 Qq
 L
 q
 L
 dt
 d
 VTL
 V
 JJT
 iii
 22121222
 11121211
 JJJJ
 JJJJ
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 Simple Newton-Euler
 22
 11
 J
 J
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 General Newton-Euler Method
 22
 11
 212
 21211
 2
 222
 221
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 0
 100
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 J
 J
 JJ
 JJJ
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 T
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 Classical Dynamics
 • Ginsberg, J., Advanced Engineering Dynamics, 2nd Ed., Cambridge, 1995.
 • Goldstein, Classical Mechanics, 3rd Ed., Addison Wesley, 2002.
 • Greenwood, D., Principles of Dynamics, Prentice Hall, 1988.
 • Wells, D., Lagrangian Dynamics, Schaum’s Outline Series, 1967.
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 Spacecraft Dynamics & Control
 • Hughes, P., Spacecraft Attitude Dynamics, Dover, 2004.
 • Sidi, M., Spacecraft Dynamics and Control, Cambridge, 1997.
 • Thomson, W., Introduction to Space Dynamics, Dover, 1986.
 • Wertz, J., Spacecraft Attitude Determination & Control, Kluwer, 1978.
 • Wie, B., Space Vehicle Dynamics & Controls, AIAA, 1998.
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 Aircraft Dynamics & Control
 • Ashley, H., Engineering Analysis of Flight Vehicles, Dover, 1974.
 • McCormick, B., Aerodynamics, Aeronautics, & Flight Mechanics, 2nd Ed., Wiley, 1995.
 • McLean, D., Automatic Flight Control Systems, Prentice Hall, 1990.
 • Nelson, R., Flight Stability & Automatic Control, McGraw-Hill, 1989.
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 General Controls
 • Bewley, T., Renaissance, 2009.• Crassidis, J., Junkins, J., Optimal Estimation of
 Dynamic Systems, Chapman Hall, 2004.• Skogestad, S., Postlethwaite, I., Multivariable
 Feedback Control, Wiley, 2004.• Slotine, J., Li, W., Applied Nonlinear Control,
 Prentice Hall, 1991.• Van de Vegte, J., Feedback Control Systems, 3rd
 Ed., Prentice Hall, 1994.


                        

                                                    
LOAD MORE
                                            

                

            

        

                
            
                
                    
                        Related Documents
                        
                            
                        

                    

                    
                                                
                                                                                              
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            MAE 1202: AEROSPACE PRACTICUM Introduction to Aircraft...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Joe Don Cavender, RN, MSN, CPNP-PC Organizational Level...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            MAE 1202: AEROSPACE PRACTICUM Project Overview March 24 and....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                                                               
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Cavender toyota 2009 aaa traffic safety index

                                            
                                                
                                                    Category: 
                                                    Automotive
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Mechanical and Aerospace Engineering Graduate Programs...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Kevin Cavender and Joann Rice

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                     

                                                
                                                                                              
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            MAE 4230/5230: Introduction to CFD · 2019. 7. 12. · MAE....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Sturgess Double S - Cavender Ranches Charolais Bull ......

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            MAE 3130: Fluid Mechanics Lecture 4: Bernoulli Equation...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                                                               
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Overseas Programmes (For MAE students only)Full...Overseas.....

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            The Construction of Gender in Reality Crime TV Gray Cavender...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                                                                                                            
                                    
                                        
                                            
                                                
                                            
                                        

                                        
                                            Open House Presentation-Mal-2017 - mae.ucla.edu ·...

                                            
                                                
                                                    Category: 
                                                    Documents
                                                

                                            

                                                                                    

                                    

                                

                                 
                                                     

                                            

                

            

        

            



    
        
            	Powered by Cupdf


            	Cookie Settings
	Privacy Policy
	Term Of Service
	About Us


        

    


    

    
    
    

    
    
    

    
    
        
    
    















