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Training Overview

Day 1: Introduction to ASSET's core functionality
Vector Functions - "Basic building blocks used in nearly all ASSET operations"
ODEs and Integrators - "Defining solution spaces and integrating the dynamics"
Phases - "Setting up optimization problems"
 Optimal Control Problems (OCPs) - "Configuring complex, multi-phase optimization problems"

Day 2: Using the "Astro Library" for quick astrodynamics modeling
Two-Body Problem Example
 N-Body Problem Example
CR3BP Example
 Ephemeris Pulsing Rotating Example
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Optimal Control Problems
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Multi Phase Optimal Control Problems

Most complex trajectory optimization problems will consist of multiple phases
Might need multiple dynamical models
Problem might have discontinuous events
 Ex: Impulsive Δ𝑉𝑉, Planetary flyby, drop mass
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Optimal

oc.OptimalControlProblem allows us to link 
together multiple existing phases into a single problem

Objectives in different phases are implicitly summed
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Phases: Initialization

Create an ocp and then add existing phases

Phases are named by order of addition

Reference constituent phases using ocp.Phase(i) 
or with the original object
They are the exact same object
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Adding Link Constraints and Objectives

ocp.addLink#####(Func,phasei,PhaseRegioni,Vvarsi,phasej, PhaseRegionj, Vvarsj )
#### = EqualCon,InequalCon,Objective
Func = an Asset vector function defining the link constraint/objective

phase = phase number or phase name
PhaseRegion: “First” or “Last”
Vvars: indices of state time control variables

𝐯𝐯𝒇𝒇𝟎𝟎

𝐯𝐯𝟎𝟎𝟎𝟎

𝐟𝐟([𝐯𝐯0,𝑓𝑓
𝑖𝑖 , 𝐯𝐯0,𝑓𝑓

𝑗𝑗 ])

𝐯𝐯𝒇𝒇𝟏𝟏

𝐯𝐯𝟎𝟎𝟏𝟏 𝐯𝐯𝒇𝒇𝟐𝟐
𝐯𝐯𝟎𝟎𝟐𝟐

Phase0

Phase1
Phase2
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Adding Link Constraints and Objectives

ocp.addLink#####(Func,phasei,PhaseRegioni,Vvarsi,phasej, PhaseRegionj, Vvarsj )
Example: Link Last state of Phase0 and first of Phase1  using equality constraint 
ocp.addLinkEqualCon(Func,0, “Last”,[0,1], 1 , “First”, [0,1] ) 

𝐯𝐯𝒇𝒇𝟎𝟎

𝐯𝐯𝟎𝟎𝟎𝟎

𝐟𝐟 𝑥𝑥0,
0𝑥𝑥1,

0𝑥𝑥0,
1 𝑥𝑥1,

1 = 𝟎𝟎

𝐯𝐯𝒇𝒇𝟏𝟏

𝐯𝐯𝟎𝟎𝟏𝟏 𝐯𝐯𝒇𝒇𝟐𝟐
𝐯𝐯𝟎𝟎𝟐𝟐

Phase0

Phase1
Phase2

𝐢𝐢𝐯𝐯 = [0 , 1 , 2 , 3 ]

𝐯𝐯 = 𝑥𝑥0, 𝑥𝑥1, 𝑡𝑡, 𝑢𝑢0 = [𝐱𝐱, 𝑡𝑡, 𝐮𝐮]
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Adding Link Constraints and Objectives

ocp.addLink#####(Func,phasei,PhaseRegioni,Vvarsi,phasej, PhaseRegionj, Vvarsj )
Example: Link first time of Phase1 and first of Phase2  using inequality constraint 
ocp.addLinkInequalCon(Func, 1, “First”,[2], 2 , “First”, [2] ) 

𝐯𝐯𝒇𝒇𝟎𝟎

𝐯𝐯𝟎𝟎𝟎𝟎

𝐟𝐟 𝑡𝑡1, 𝑡𝑡2 < 0

𝐯𝐯𝒇𝒇𝟏𝟏

𝐯𝐯𝟎𝟎𝟏𝟏 𝐯𝐯𝒇𝒇𝟐𝟐
𝐯𝐯𝟎𝟎𝟐𝟐

Phase0

Phase1
Phase2

𝐢𝐢𝐯𝐯 = [0 , 1 , 2 , 3 ]

𝐯𝐯 = 𝑥𝑥0, 𝑥𝑥1, 𝑡𝑡, 𝑢𝑢0 = [𝐱𝐱, 𝑡𝑡, 𝐮𝐮]
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Adding Link Constraints and Objectives

Most of the time we just want to enforce continuity in state variables

ocp.addForwardLinkEqualCon(phasei, phasej, Vvars)

Example: Enforce continuity in all state and time variables
ocp.addForwardLinkEqualCon(0 , 2, [0,1,2]) 

𝐯𝐯𝒇𝒇𝟎𝟎

𝐯𝐯𝟎𝟎𝟎𝟎

𝐯𝐯𝒇𝒇𝟏𝟏

𝐯𝐯𝟎𝟎𝟏𝟏
𝐯𝐯𝒇𝒇𝟐𝟐

𝐯𝐯𝟎𝟎𝟐𝟐
Phase0

Phase1
Phase2

𝐢𝐢𝐯𝐯 = [0 , 1 , 2 , 3 ]

𝐯𝐯 = 𝑥𝑥0, 𝑥𝑥1, 𝑡𝑡, 𝑢𝑢0 = [𝐱𝐱, 𝑡𝑡, 𝐮𝐮]
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Solving and Optimizing

Invoke optimizer using ocp object
ocp.optimize()
 Optimize objective subject to constraints

ocp.solve()
 Solve just the constraints

ocp.solve_optimize()
 Calls .solve then .optimize

ocp.solve_optimize_solve()
 Same as above but calls solve if optimize fails

ocp.optimize_solve()
 Call optimize then solve if optimize fails

Retrieve trajectories from constituent phase
ocp.Phase(i).returnTraj()
phasei.returnTraj()
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Optimizer Settings

Each ocp has an optimizer instance as member variable (works same as phase)
Use to modify optimizer related settings 
See PSIOPT tutorial for more details on settings
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Low-Thrust Flyby Example

Mass optimal low-thrust transfer leveraging planetary flyby
Bounded departure 𝑣𝑣∞: 𝐫𝐫 − 𝐫𝐫𝒅𝒅 𝑡𝑡 = 𝟎𝟎 , 𝐯𝐯 − 𝐯𝐯𝐝𝐝 𝑡𝑡 < 𝑣𝑣∞
Rendezvous with target: 𝐫𝐫 − 𝐫𝐫𝐚𝐚 𝑡𝑡 = 𝟎𝟎, 𝐯𝐯 − 𝐯𝐯𝐚𝐚 𝑡𝑡 = 𝟎𝟎
Bound Throttle Vector: 0.001 < 𝐮𝐮 < 1
Mass optimal: min: ∫𝑡𝑡0

𝑡𝑡𝑓𝑓 |𝐮𝐮|𝑑𝑑𝑑𝑑

Impulsive flyby approximation

Discontinuous flyby needs two phases to model

Requires:
TwoBody
TwoBodyLTODE



ASRL 14

Low-Thrust Flyby Example

Setup similar to previous phase example
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Low-Thrust Flyby Example

See supplementals for initial guess generation functions
Not the best way to do it, should use lambert search
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Low-Thrust Flyby Example

Setup departure phase

𝐢𝐢𝐯𝐯 = [0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 ]

𝐯𝐯 = 𝑟𝑟𝑥𝑥, 𝑟𝑟𝑦𝑦, 𝑟𝑟𝑧𝑧, 𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦, 𝑣𝑣𝑧𝑧 , 𝑡𝑡, 𝑢𝑢𝑥𝑥, 𝑢𝑢𝑦𝑦, 𝑢𝑢𝑧𝑧 = [𝐱𝐱, 𝑡𝑡, 𝐮𝐮]

𝐯𝐯 − 𝐯𝐯𝐝𝐝 𝑡𝑡 < 𝑣𝑣∞
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Low-Thrust Flyby Example

Setup departure phase

𝐢𝐢𝐯𝐯 = [0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 ]

𝐯𝐯 = 𝑟𝑟𝑥𝑥, 𝑟𝑟𝑦𝑦, 𝑟𝑟𝑧𝑧, 𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦, 𝑣𝑣𝑧𝑧 , 𝑡𝑡, 𝑢𝑢𝑥𝑥, 𝑢𝑢𝑦𝑦, 𝑢𝑢𝑧𝑧 = [𝐱𝐱, 𝑡𝑡, 𝐮𝐮]

𝐫𝐫 − 𝐫𝐫𝒅𝒅 𝑡𝑡 = 𝟎𝟎

𝐫𝐫 − 𝐫𝐫𝒇𝒇𝒇𝒇 𝑡𝑡 = 𝟎𝟎
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Low-Thrust Flyby Example

Setup departure phase

𝐢𝐢𝐯𝐯 = [0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 ]

𝐯𝐯 = 𝑟𝑟𝑥𝑥, 𝑟𝑟𝑦𝑦, 𝑟𝑟𝑧𝑧, 𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦, 𝑣𝑣𝑧𝑧 , 𝑡𝑡, 𝑢𝑢𝑥𝑥, 𝑢𝑢𝑦𝑦, 𝑢𝑢𝑧𝑧 = [𝐱𝐱, 𝑡𝑡, 𝐮𝐮]

0.001 < 𝐮𝐮 < 1

�
𝑡𝑡0

𝑡𝑡𝑓𝑓
|𝐮𝐮|𝑑𝑑𝑑𝑑
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Low-Thrust Flyby Example

Setup arrival phase

𝐢𝐢𝐯𝐯 = [0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 ]

𝐯𝐯 = 𝑟𝑟𝑥𝑥, 𝑟𝑟𝑦𝑦, 𝑟𝑟𝑧𝑧, 𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦, 𝑣𝑣𝑧𝑧 , 𝑡𝑡, 𝑢𝑢𝑥𝑥, 𝑢𝑢𝑦𝑦, 𝑢𝑢𝑧𝑧 = [𝐱𝐱, 𝑡𝑡, 𝐮𝐮]

0.001 < 𝐮𝐮 < 1

�
𝑡𝑡0

𝑡𝑡𝑓𝑓
|𝐮𝐮|𝑑𝑑𝑑𝑑

𝐫𝐫 − 𝐫𝐫𝐚𝐚 𝑡𝑡 = 𝟎𝟎, 𝐯𝐯 − 𝐯𝐯𝐚𝐚 𝑡𝑡 = 𝟎𝟎
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Low-Thrust Flyby Example

Setup optimal control problem

𝐯𝐯0 − 𝐯𝐯𝑓𝑓𝑓𝑓 𝑡𝑡0 = 𝐯𝐯1 − 𝐯𝐯𝑓𝑓𝑓𝑓 𝑡𝑡1

𝐫𝐫0 = 𝐫𝐫1, 𝑡𝑡0 = 𝑡𝑡1
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Low-Thrust Flyby Example

Setup optimal control problem

𝐯𝐯∞𝑖𝑖 = 𝐯𝐯𝑖𝑖 − 𝐯𝐯𝑓𝑓𝑓𝑓(𝑡𝑡𝑖𝑖)

cos−1(�𝐯𝐯∞0 ⋅ �𝐯𝐯∞1 ) − 2 sin−1 ��
𝜇𝜇𝑓𝑓𝑓𝑓

𝜇𝜇𝑓𝑓𝑓𝑓 + (𝐯𝐯∞0 ⋅ 𝐯𝐯∞0 )𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
< 0
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Low-Thrust Flyby Example

Optimizes in <1s

Low fidelity approximation of original Psyche trajectory (origin of random constants)
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Conclusion

See tutorial online for more in-depth details

Tutorials - ASSET 0.4.0 documentation (alabamaasrl.github.io)

https://alabamaasrl.github.io/asset_asrl/tutorials/tutorials.html
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