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From Part 1 to Part 2
Part 1: Robust MPC ingredients
• Model + uncertainty bounds 
• Closed-loop robust prediction sets 
• Tightened constraints imply safety 
• Terminal ingredients ensure recursive feasibility 

Part 2: Computing reachable tubes
• Linear systems: min–max robust control 
• LTV systems: exact closed-loop tubes via SLS 
• Nonlinear systems: include linearization error 
• Real-time computation: Riccati, GPU solvers

Goal: make robust 
predictions tractable while 

retaining guarantees. 
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Linear Robust Control: Min-Max

• Worst-case disturbances ⇒ most 
damaging realization. 

• Controller must keep the entire 
tube inside constraints. 

(worst-case 
reachable set)
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Examples: references [1-7].



Linear Robust Control: Challenges 

Key design question: which policy parameterization gives 
1) tight reachable tubes and 2) efficient optimization? 

(affine causal feedback)
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Linear Robust Control: Tube MPC

tube

nominal

5
Reference [2].



Linear Robust Control: Tube MPC

tube

nominal

Fixed-tube MPC turns robust feasibility into 
nominal MPC with tightened constraints
⇒ fixed tube causes conservativeness
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LTV Systems 

System Level Synthesis 
(SLS) does this by 

optimizing closed-loop 
responses. 
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LTV Systems: System Level Synthesis

the closed-loop effect of 
disturbance wj on state xk

causal ⇒ cannot influence past response

nominal dynamics

convex constraints in (Φ, z, v) simple to extend to 
output feedback
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Reference [6, 8].
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LTV Systems: Exact Reachability via SLS
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Reference [6, 8].



LTV SLS: overall optimization

SLS propagation constraints

nominal dynamics

robust stage constraints

robust terminal constraints
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Reference [6, 8, 11].



Nonlinear Systems: SLS and Linearization Error
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Reference [9, 10, 13].



Nonlinear SLS: Linearization Error Tubes
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Reference [9, 10, 13].



Nonlinear SLS: Computing Linearization Bounds

Safety depends on sound bounds; 
performance depends on tight bounds. 
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↵̃

= max linearization error

nominal 
trajectory

14Reference [13].



Nonlinear SLS: Optimizing Error Bounds

15Reference [9, 10, 13].



Nonlinear SLS: overall guarantee
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Reference [9, 10, 13].



SLS: computational challenges

Convex, but can still 
be slow ⇒ massive 
number of decision 
variables:
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O(N2(n2
x + n2

u))

17Reference [11, 12, 13].



Fast SLS via Riccati recursions

• Exploit sparse temporal structure.
• Avoid forming huge dense 

optimization problems.
FastSLS loop

18Reference [11].



GPU-SLS: scaling robust MPC to robotics

19Reference [12, 13].



Reachable set

Humanoid robust MPC (75D)

Reachable set

Quadruped robust MPC (61D)

22 millisecond solve time
16 millisecond solve time1x1x

20Reference [12, 13].



Tethered quadcopter robust MPC (168D)
88 ms solve time

1x
21Reference [13].



Reachable tubes

1x

Rope manipulation robust MPC (30D)
70 ms solve time

22Reference [14].



Cloth manipulation robust MPC (300D)
760 ms solve time

2x
23Reference [14].



Advantages:
• LTV structure enables massive parallelization on the GPU ⇒ scales to 

huge problems (2 x 105 variables)
• Real-time performance
• Sound robust constraint satisfaction guarantees

Limitations:
• Requires controller to be re-designed for each nominal trajectory planned
• Can be conservative for nonlinear systems (tradeoff for being fast w/ 

linearized propagation)
24
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