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Safety Filters

Family of constrained controllers that use a two-step approach:

1. Design a control law for the Unconstrained system,

2. Introduce an Add-on unit for constraint enforcement.

• Control Barrier Function: Filter nominal controller

System
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 Controller
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F-16 Pitch DynamicsProblem: Constrained Control

Short period approximation
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Control surface deflection limits
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Theorem: Nagumo (simplified)

Aubin, Frankowska, Set-Valued Analysis 2009

Nagumo, Phys.-Math. Soc. Jpn. 1942

Measure-zero.
Difficult to check numerically.
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Theorem: Nagumo (simplified)

Theorem: CBF Condition (2017)

Ames, Xu, Grizzle, Tabuada, TAC 2017



Victor Freire 
Slide 41 

Index

❖ Introduction
❖Workshop Timeline
❖ Safety and Invariance
❖ Control Barrier Functions
❖ CBF-based Safety Filter
❖ Example: Safety Filter for F-16
❖My Work: DSMs are CBFs



Victor Freire 
Slide 42 

Control Barrier Functions (CBFs)

Definition: CBF

Ames, Xu, Grizzle, Tabuada, TAC 2017

Ames, Coogan, Egerstedt, Notomista, Sreenath, Tabuada, ECC 2019 (survey)
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Safety Filters

Family of constrained controllers that use a two-step approach:

1. Design a control law for the Unconstrained system,

2. Introduce an Add-on unit for constraint enforcement.

• Control Barrier Function: Filter nominal controller
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Optimization Problem (Program)

Commercial QP Solvers
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CBF-based Safety Filter

Is there a solution?
(feasibility)

Optimization Problem
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Theorem: CBF Safety Filter

Ames, Xu, Grizzle, Tabuada, TAC 2017

Optimization Problem
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Optimization Problem Definition: CBF

Theorem: CBF Safety Filter

Ames, Xu, Grizzle, Tabuada, TAC 2017
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Unsafe

Safety violation

Safety Filters

1. Design a control law for the Unconstrained system,



Victor Freire 
Slide 70 

CBF-based Safety Filter

Safety Filters

1. Design a control law for the Unconstrained system,

2. Introduce an Add-on unit for constraint enforcement.

CBFSafe



Victor Freire 
Slide 71 

CBF-based Safety Filter

Safety Filters

1. Design a control law for the Unconstrained system,

2. Introduce an Add-on unit for constraint enforcement.

CBFSafe



Victor Freire 
Slide 72 

Index

❖ Introduction
❖Workshop Timeline
❖ Safety and Invariance
❖ Control Barrier Functions
❖ CBF-based Safety Filter
❖ Example: Safety Filter for F-16
❖My Work: DSMs are CBFs



Victor Freire 
Slide 73 

Example: Safety Filter for F-16

F-16 Pitch Dynamics



Victor Freire 
Slide 74 

Example: Safety Filter for F-16

F-16 Pitch Dynamics

Actuator Inner-loop
(first-order lag)
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Desired Climb 
operating conditions

F-16 Pitch Dynamics

LQR Controller
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Control surface deflection limits

F-16 Pitch Dynamics

LQR Controller

Saturated LQR

Pitch pointing constraint
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F-16 Pitch Dynamics

LQR Controller

Saturated LQR

Saturation is not good enough.
Let’s try CBFs
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! This procedure yields candidate CBFs.
They provide no safety guarantees. 

Safety ------------------------------- Performance

F-16 Pitch Dynamics
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F-16 Pitch Dynamics

LQR Controller
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Angle of attack

Elevator

Flaperon
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Naïve CBF Design (alpha)

! This procedure yields candidate CBFs.
They provide no safety guarantees. 

F-16 Pitch Dynamics

Relative degree > 1
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Naïve CBF Design (alpha)

! This procedure yields candidate CBFs.
They provide no safety guarantees. 

F-16 Pitch Dynamics

Nguyen, Sreenath, ACC 2016 Exponential CBFs
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Naïve CBF Design (alpha)

! This procedure yields candidate CBFs.
They provide no safety guarantees. 

F-16 Pitch Dynamics

Nguyen, Sreenath, ACC 2016

Dh/dx * A * B
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Naïve CBF Design (alpha)

! This procedure yields candidate CBFs.
They provide no safety guarantees. 

F-16 Pitch Dynamics

Nguyen, Sreenath, ACC 2016

Recovered Control Authority
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Naïve CBF Design (alpha)

! This procedure yields candidate CBFs.
They provide no safety guarantees. 

F-16 Pitch Dynamics

Nguyen, Sreenath, ACC 2016

Roots of polynomial,
 eigenvalues (2x2)
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Example: Safety Filter for F-16

F-16 Pitch Dynamics

3.5 ms solvetime
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Safety Filters

Family of constrained controllers that use a two-step approach:

1. Design a control law for the Unconstrained system,

2. Introduce an Add-on unit for constraint enforcement.

• Control Barrier Function: Filter nominal controller

System
Nominal

 Controller
CBF
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Safety Filters

Family of constrained controllers that use a two-step approach:

1. Design a control law for the Unconstrained system,

2. Introduce an Add-on unit for constraint enforcement.

• Control Barrier Function: Filter nominal controller

• Reference Governor: Filter nominal reference

System
Nominal

 Controller
RG
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F-16 Pitch Dynamics
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LQR Controller
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