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Motivation

Real systems must satisfy safety-critical constraints.
Safe operation requires accounting for uncertainty.
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[Nubert et al., 2020, Benders et al., 2025, Kohler et al., 2025, Wullt et al., 2026, Sasfi et al., 2023, Fang and_Chou, 2026]
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Safe-by-design control using robust MPC

Dynamlc.al Model ) Robust MPC design i_) Safe-by-design
& Uncertainty bounds . controller ¢ Robust MPC design:
——————————— | IR Uses model &

uncertainty bounds

i ’ e Safe controller:
Experimental Guarantees constraint
Data satisfaction

e Data-driven:

Model & uncertainty
systematic, uncertainty-aware, learned from data

Benefits: safe-by-design control

failures are diagnosable and correctable

Johannes Kohler (Imperial College London) Safe-by-design control using robust MPC: Talk 1 ECC 2026




Outline of tutorial

1 Safe-by-design control with robust MPC
2-3 Certified uncertainty propagation I-ll
4 Uncertainty quantification from data
5 Safety under Interaction-Driven Distribution Shifts

6 Model predictive control for robot motion planning near humans

Focus of this talk
@ Main components of robust MPC

@ Role of " quantify, predicting, and optimizing over uncertainty”

@ Theoretical properties of robust MPC

—
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Model predictive control (MPC)
Finite-horizon MPC problem

N-1
min Z f(il?k, uk)
Uu. 0

s.t.

Tr+1 = f(xg, uk),

xo = x(t),
(xk,uk) e XxU, ke [O

Cost

Dynamics
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Constraints
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Model predictive control (MPC)
Finite-horizon MPC problem

N-1
min Z f(ibk, uk)
Uu. 0

s.t.

Tr+1 = f(xg, uk),

xo = x(t),
(xk;,uk) e XxU, ke [O

Cost

Dynamics
— 1],
@ Receding horizon control:

Constraints
Solve — apply first input — shift horizon — repeat
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Model predictive control (MPC)
Finite-horizon MPC problem

N-1
Il;lﬁi.n Z f(ibk, uk)
k=0
s.t.

Tr+1 = f(xg, uk),

Cost
xo = x(t),
(:Uk,uk) e XxU, ke [O N—l],

@ Receding horizon control:

Dynamics

Constraints
Solve — apply first input — shift horizon — repeat

@ Design = model f + cost ¢ + constraints X, U
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Model predictive control (MPC)
Finite-horizon MPC problem

N-1

k=0

n;lﬁin Z Oz, up)+Hos(xN)
s.t.

Tr+1 = f(xg, uk),

Cost
xo = x(t), Dynamics
(g, up) € X x U, ke [0,N —1], xny € Xy Constraints '
@ Receding horizon control:
Solve — apply first input — shift horizon — repeat

@ Design = model f + cost ¢ + constraints X, U

e Terminal ingredients: X, /f account for performance beyond finite horizon N
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Model predictive control (MPC)

Finite-horizon MPC problem

N-1
min Z (g, uk)+s(xN) Cost
u.
k=0
sit. xpi1 = f(xr,ur), xo=x(t), Dynamics

(g, up) € X x U, ke [0,N —1], xny € Xy Constraints

4

@ Receding horizon control:
Solve — apply first input — shift horizon — repeat

@ Design = model f + cost ¢ + constraints X, U

e Terminal ingredients: X, /f account for performance beyond finite horizon N

@ Well-established theory and algorithms [Rawlings et al., 2017];
assuming accurate model . ..
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When models are wrong

. ®

Johannes Kohler (Imperial College London) ECC 2026



When models are wrong

e Model
mismatch

— |naccurate
predictions

— Constraint
violations

Safe-by-design control needs to explicitly account for uncertainty.
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Modeling uncertainty
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Experimental model error in a robotic

manipulator:  correlated + random error
[Nubert et al., 2020].

“Probabilistic safety guarantees are discussed later.
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Modeling uncertainty

Mathematical model
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_ 0.05 -
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= ,
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random disturbances — Wi, VE Joint Acceleration

Experimental model error in a robotic
manipulator:  correlated + random error
[Nubert et al., 2020].

“Probabilistic safety guarantees are discussed later.
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Modeling uncertainty

Mathematical model
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Given known deterministic® bounds: Experimental model error in a robotic
wr €W, v, €V, 0e0 manipulator:  correlated + random error

e - : N l., 2020].
“Probabilistic safety guarantees are discussed later. [Nubert et al., 2020]

Johannes Kohler (Imperial College London) Safe-by-design control using robust MPC: Talk 1 ECC 2026



Modeling uncertainty

Mathematical model

0.06 -
_ 0.05
Trr1 =f (g, ug, W, 0)
0.04
Yk :h(ﬂfk, 6)7 ’Uk)
0.03
Epistemic é 0.02
model not precisely known — 6 % 0.01
p=
Aleatoric 0 _—
_ o 1 2 3 4 5 6 7 8
random disturbances — Wi, VE Joint Acceleration
Given known deterministic® bounds: Experimental model error in a robotic
wr €W, v, €V, 0e0 manipulator:  correlated + random error

e - : N l., 2020].
“Probabilistic safety guarantees are discussed later. [Nubert et al., 2020]

For illustration, we primarily focus on lumped errors zp1 = f(xg, ug, wg), wr € W.
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Robust predictions in MPC

Predictions under uncertainty

@ Multiple trajectories
plausible under uncertain dynamics

@ Robust prediction
predict the set Ry (xg,u) containing all
trajectories

xr € Rp(xg,u) Yw e W

Key idea: ensure constraints for R, = real trajectory is safe
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Optimizing over robust predictions

@ Input sequence u determines the
uncertainty tube R

@ Choose u such that R satisfies
constraints
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Optimizing over robust predictions

@ Input sequence u determines the
uncertainty tube Ry

@ Choose u such that R satisfies

constraints g —
@ Uncertain trajectories diverge = large >/ \
sets R = conservative behavior A\ ) \
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Optimizing over robust predictions

@ Input sequence u determines the
uncertainty tube Ry

@ Choose u such that R satisfies
constraints

@ Uncertain trajectories diverge = large
sets R = conservative behavior

Closed-loop predictions
Use feedback to react to deviations:

up = (k)

v

Takeaway: Feedback in predictions reduces uncertainty and conservatism.
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General robust MPC formulation

Finite-horizon robust MPC problem

N—-1
min max {(x, mp(x)) + max l¢(x) Worst-case cost
T — TEX] reXN
s.t. Xp = Ri(x(t), m) Closed-loop prediction
X, CX, k=0,....N—-1, Constraint satisfaction
Xy C X¢ Terminal constraint
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General robust MPC formulation

Finite-horizon robust MPC problem

N—-1
min max {(x, mp(x)) + max l¢(x) Worst-case cost
T — TEX] reXN
s.t. Xp = Ri(x(t), m) Closed-loop prediction
X, CX, k=0,....N—-1, Constraint satisfaction
Xy C X¢ Terminal constraint

Receding horizon

Solve = Apply u = 7j(x(t))
= Measure =- Repeat

Terminal ingredient
X¢ robust control invariant: l

= Deterministic safety guarantees for all times.
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General robust MPC - Theoretical properties

Theorem [Guay et al., 2015, Kéhler et al., 2021]

Design conditions

@ The true model error is captured by w; € W

@ The terminal set X¢ and terminal cost /¢ are properly design
@ The robust MPC problem is feasible at initialization x(0)
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General robust MPC - Theoretical properties

Theorem [Guay et al., 2015, Kéhler et al., 2021] |

Design conditions
@ The true model error is captured by w; € W
@ The terminal set X¢ and terminal cost /¢ are properly design
@ The robust MPC problem is feasible at initialization x(0)

Guarantees:
@ Recursive feasibility
@ Safety: x € X

@ Stability/performance
—

= Robust MPC provides a systematic way to construct safe-by-design controllers!
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General robust MPC - sketch of proof

The proof reveals the key ingredients required for robust MPC design.
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General robust MPC - sketch of proof

The proof reveals the key ingredients required for robust MPC design.
@ Suppose robust MPC problem is feasible at some time k

@ Policy 7™ ensures future states satisfy constraints and end in a terminal set Xy Vw € W
@ The terminal policy 7s can keep the state in the terminal set

Robust Tube

| -
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General robust MPC - sketch of proof

The proof reveals the key ingredients required for robust MPC design.
@ Suppose robust MPC problem is feasible at some time k
@ Policy 7 ensures future states satisfy constraints and end in a terminal set Xy Vw € W
@ The terminal policy 7 can keep the state in the terminal set

o Key idea: shift the policy
T = (7], .., TN_1,7TF)

@ Feasible for all possible next states x(k + 1) = f(z(k), mp(z(k)), w(k)), w(k) € W

= feasibility is preserved at the next step

@ Repeating this argument = feasibility for all times
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Challenges in robust MPC

General robust MPC provides all guarantees,

but implementation faces the following challenges.

Key challenges in robust MPC

@ Uncertainty propagation: exact computation of robust reachable sets Ry is intractable
@ Policy optimization: 7 € {all feedback policies} is infinite-dimensional

@ Model uncertainty: bound on model mismatch W typically unknown

—

= The next talks in this tutorial will focus on different methods to address these challenges
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Outline of tutorial
1 Safe-by-design control with robust MPC

» Role of main components in robust MPC
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Outline of tutorial
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2-3 Certified uncertainty propagation I-II (Glen Chou & Johannes Kohler)
» Different methods for computationally tractable closed-loop robust predictions
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Outline of tutorial
1 Safe-by-design control with robust MPC (Johannes Kohler)
» Role of main components in robust MPC

2-3 Certified uncertainty propagation I-II (Glen Chou & Johannes Kohler)
» Different methods for computationally tractable closed-loop robust predictions

4 Uncertainty quantification from data (Glen Chou)
» Different methods to extract model and uncertainty description

5 Safety under Interaction-Driven Distribution Shifts (Lars Lindemann)
» Statistical tools for safety assessment

6 MPC for robot motion planning near humans (Laura Ferranti)
» Handle human-induced uncertainties

Tutorial material available online:
https://kohlerjohannes.github.io/ECC_Tutorial_SafeByDesignMPC

*Appendix provides more source material
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Appendix

Main literature

@ MPC theory [Rawlings et al., 2017]
MPC theory for "dynamic operation” [Kahler et al., 2024]

@ Theoretical guarantees for general min-max robust MPC formulation [Guay et al., 2015]

@ General robust MPC with sequential propagation [Kéhler et al., 2021, Thm. 1]

@ Recent overview on robust MPC [Houska and Villanueva, 2019]
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@ Benders, D., Kohler, J., Niesten, T., Babuska, R., Alonso-Mora, J., and Ferranti, L. (2025).
Embedded hierarchical MPC for autonomous navigation.
IEEE Transactions on Robotics.

Fang, J. and Chou, G. (2026).
Safe large-scale robust nonlinear mpc in milliseconds via reachability-constrained system level synthesis on the gpu.
arXiv preprint arXiv:2604.07644.

Guay, M., Adetola, V., and DeHaan, D. (2015).
Robust and Adaptive Model Predictive Control of Nonlinear Systems.
Institution of Engineering and Technology.

Houska, B. and Villanueva, M. E. (2019).
Robust optimization for mpc.
Handbook of model predictive control, pages 413—443.

@ Kohler, J., Kétting, P., Soloperto, R., Allgéwer, F., and Miiller, M. A. (2021).
A robust adaptive model predictive control framework for nonlinear uncertain systems.
International Journal of Robust and Nonlinear Control, 31(18):8725-8749.

Kohler, J., Miiller, M. A., and Allgower, F. (2024).
Analysis and design of model predictive control frameworks for dynamic operation—an overview.
Annual Reviews in Control, 57:100929.

Kohler, J., Zhang, D., Soloperto, R., Carron, A., and Zeilinger, M. (2025).
An mpc framework for efficient navigation of mobile robots in cluttered environments.
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@ Nubert, J., Kohler, J., Berenz, V., Allgower, F., and Trimpe, S. (2020).
Safe and fast tracking on a robot manipulator: Robust MPC and neural network control.
IEEE Robotics and Automation Letters, 5(2):3050-3057.

@ Rawlings, J. B., Mayne, D. Q., and Diehl, M. (2017).
Model Predictive Control: Theory, Computation, and Design.
Nob Hill Publishing.

[ Sasfi, A., Zeilinger, M. N., and Kahler, J. (2023).
Robust adaptive MPC using control contraction metrics.
Automatica, 155:111169.

@ Wullt, B., Kohler, J., Mattsson, P., Norrlof, M., and Schon, T. B. (2026).

Robust convex model predictive control with collision avoidance guarantees for robot manipulators.

IEEE Transactions on Control Systems Technology.
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