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Explicit Reference Governors for Provably Safe Robot Control*
Bryan Convens1,2, Kelly Merckaert1,3, Marco M. Nicotra4, and Bram Vanderborght1,2

Abstract—Reference and Command Governors (RG & CG) are
add-on schemes that enforce pointwise-in-time constraints on pre-
stabilized safety-critical systems. More recently, the introduction
of the Explicit Reference Governor (ERG) has provided a general
framework for the closed-form constrained control of nonlinear
systems subject to state and input constraints. This paper intro-
duces the basics of the ERG theory, lists its main methodological
variations studied to date, and subsequently highlights some
successful applications in robotics.

I. INTRODUCTION

The systematic design of control laws for nonlinear systems
with state and input constraints is one of the major challenges
in the control of real-world systems. Depending on the applica-
tion, the desired solution must achieve a satisfactory trade-off
between multiple and often contradicting requirements such as
optimality, offline/online computational efficiency, robustness,
scalability, design and tuning simplicity, and generality.

Model Predictive Control (MPC) [1], [2] has established
the gold standard for constrained control problems as it
can optimize some performance index while satisfying safety
constraints, but solving an Optimal Control Problem (OCP)
in real-time for nonlinear constrained systems is often not
possible on robots with limited computational hardware.

Formal offline verification tools like Hamilton-Jacobi (HJ)
reachability analysis [3], [4] was used to provide perfor-
mance and safety guarantees for nonlinear/hybrid systems with
bounded disturbances, but exhibit exponential computational
complexity with respect to the number of states and become
computationally intractable for analyzing complex systems.

Artificial Potential Field (APF) methods [5] are well known
real-time reactive geometric navigation solutions that can
attract a robot to a goal and push it away from obstacles.
However, their main limitation is that they only work for
slowly moving robots with single integrator dynamics and
cannot guarantee to prevent failures (i.e., instability, collisions)
for robots with higher-order dynamics as these do not consider
the effects of actuator saturation and overshoots.

Control Barrier Functions (CBF) [6], [7] are a combination
of barrier functions and control Lyapunov functions, and have
recently become a very popular technique for the guaranteed
safe reactive control of robots. Typically, they end up solving
a Quadratic Program (QP) online [8], [9].
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Fig. 1. The ERG dynamically filters in real-time the possibly unsafe target
reference r(t) to a safe auxiliary reference v(t) applied to the pre-stabilized
nonlinear system such that the target is eventually reached while satisfying
constraints on states x and inputs u under bounded disturbances d.

Reference and Command Governors (RG & CG) [10], [11]
are add-on schemes that enforce pointwise-in-time constraints
on pre-stabilized safety-critical systems by adapting the refer-
ence, but still require the solution of a QP.

This paper summarizes the main theory and methodological
variations behind the Explicit Reference Governor (ERG)
[12], [13], depicted in Fig. 1, which is a closed-form control
framework for nonlinear (multi-agent) systems subject to (non-
convex) constraints on the states and inputs. The proposed
strategy differs from most existing methods mentioned above
because it systematically handles both state and input con-
straints without making use of online optimization.

II. ROBUST EXPLICIT REFERENCE GOVERNOR

Consider a nonlinear dynamical system ẋ = f(x,u,d)
with state x ∈ Rnx , input u ∈ Rnu , subject to bounded ex-
ogenous inputs d ∈ D and to nc constraints c(x,u) ≥ 0. We

introduce an auxiliary reference v ∈ Rnv and let z̄v : Rnv −→
Rnz be a continuous function that assigns the steady-state of
z associated with v. Let a primary state feedback controller
u ≡ κPC(x,v) robustly stabilize the unconstrained system to
an equilibrium configuration (x̄v, ūv) that is Input-to-State-
Stable (ISS) with respect to d. We denote the pre-stabilized
system and constraints as ẋ ≡ fPS(x,v,d), cPS(x,v) ≥ 0.
Let r ∈ Rnv denote a piece-wise continuous target reference.
The ERG policy ensures ∀d ∈ D: 1) for any r(t) that
constraints are always satisfied and 2) for constant r for which
cPS(x̄r, r) ≥ δ > δmin ≥ 0, the equilibrium point x = x̄r (or
a best steady-state admissible approximation x̄r∗ in case of
inadmissible r) is asymptotically stable. The ERG law can be
explicitly computed as v̇ ≡ κERG(x,v, r) = ∆(x,v)ρ(v, r),
with ∆ ∈ R the Dynamic Safety Margin (DSM), and ρ ∈ Rnv

the Navigation Field (NF). The DSM predicts some minimal
distance metric to constraint violation for a constant v and the
NF generates the direction along a path of strictly admissible
equilibria that connects the current reference v to the desired
reference r without exiting or touching the border of the
admissible region.

The ERG most suitable for robust control uses a
Lyapunov-based DSM that can be computed as ∆(x,v) =
max

{
mini∈rows(cPS) {κi (Γi(v)− VISS(x,v))} , 0

}
, with scal-

ing factor κi > 0, ISS Lyapunov function VISS for which



Fig. 2. ERGs for real-time provably safe robot control: a) invariance-based and Lyapunov-based D-ERG on-board a swarm of 9 handpalm-sized Crazyflies
[14], b) fast and scalable trajectory-tube D-ERG on 2 F450 UAVs [15], c) fast trajectory-based ERG for safe human-robot coexistence [16], d) and in a
cluttered scene combined with an geometric RRT path planner to make it dynamics aware.

exists an ISS gain χ(v) : VISS(x,v) ≥ χ(v) ⇒ V̇ISS(x,v) =
∇xVISS(x,v)fPS(x,v,d) ≤ 0,∀d ∈ D, and the Lyapunov
threshold value Γi(v) for the largest possible level-set that
touches the constraint. In general closed-form expressions
for Γi(v) exist as every Lyapunov function can be lower
bounded by a class-K function of a quadratic form, i.e.,
∀x,v : α (||x− x̄v||P ) ≤ VISS(x,v), and since for every
generic constraint there exist a constraint linear in x and
possibly v-dependent in its parameters that also implies safety.
In the case of parametric uncertainties (e.g., unknown physical
parameters of the system) the actual value of V (x,v) is
unknown, but by computing lower and upper bounds, i.e.,
V ISS(x,v) ≤ VISS(x,v) ≤ V̄ISS(x,v), one can use the
Lyapunov-based DSM with

(
Γi(v)− V̄ISS(x,v)

)
.

The NF can be constructed using a vector-field method such
as APFs. For the domain B = {v : cPS(x̄v,v) ≥ δ > δmin},
consider the APF Pr(v) : B −→ R which has a global minimum
in r ∈ B, is locally increasing on the boundary ∂B and
∇vPr(v) ̸= 0,∀v ̸= r. One can then use the local gradi-
ent descent law ρ(v, r) = −∇vPr(v). For robustification
with a Lyapunov-based DSM one must select δmin such that
cPS(x̄v,v) ≥ δmin ⇒ χ(v) ≤ Γi(v).

In the last few years, several other methodological variants
of the ERG have been proposed and applied to make real-
world robotic systems provably safe. This is mainly due to
its generality (i.e., nonlinear dynamics with state and input
constraints), modularity (i.e., add-on scheme to pre-stabilizing
controllers which often perform well but are not safe), simplic-
ity in design, tuning and robustification, and low computational
complexity (i.e., no online optimization) that make it ideally
suited to be ran at high real-time rates on a robot’s limited
on-board computing hardware.

III. ERG APPLICATIONS IN ROBOTICS

A Lyapunov-based DSM for a UAV in geofencing applica-
tions with static walls and cylindrical obstacles is used in [17].
However, the algorithm ignores attitude dynamics and torque
constraints, and runs on a ground control station.

In contrast, [14] considers the fourth-order UAV dynamics,
by using a Lyapunov-based DSM that exploits the robustness
of the outer loop to small attitude errors (ISS), and constraints
on all four motors. Moreover, this work has shown that
performance (i.e., settling time) can be significantly improved
when using a Lyapunov level-set that is optimally-aligned with
the total thrust constraint and proposes a further improvement
to compute a more generic invariant set by solving a small
nonlinear program offline.

Distributed ERGs (D-ERG) for UAV swarm collision avoid-
ance were initially proposed in [18] and afterwards extensively
studied in [14], [15]. [14] formulated a more conservative

(i.e., higher settling time, lower swarm density) decentralized
version and a better performing distributed version. Both
versions require a different information exchange between
UAVs and were experimentally validated on a Crazyswarm,
as depicted in Fig. 2a, where the ERGs are running on-board
each Crazyflie nano-quadrotor at 500Hz.

A Lyapunov-based ERG for the enforcement of ground
contact force constraints has also been implemented on a
simulated thruster-assisted model of the bipedal robot Harpy as
an alternative to optimization-based methods and whole body
control, which are widely used for enforcing the no-slip con-
straints in legged locomotion but can be very computationally
expensive [19].

As the quality of the Lyapunov function determines the
degree of the ERG’s conservatism, a trajectory-based DSM has
been first proposed in [20] to address the input saturation of a
simulated fully-actuated hexrotor UAV that was pre-stabilized
by a PD+g and a feedback linearization control.

Recently, in [15], we developed a distributed ERG using
adaptive safety tubes tailored to the trajectory-based DSM,
which was demonstrated to have a superior safety and per-
formance scalability to large swarms when compared to
a priority-based D-MPC which generates heuristic collision
avoidance manoeuvres. The ERG executes in just 1ms when
running on the Intel NUC of a F450 UAV (see Fig. 2b).

The trajectory-based ERG has also been demonstrated in
[16], [21] on real-time motion control of robotic manipulators
for safe human–robot coexistence and addresses actuator sat-
uration, limited joint ranges, speed limits, static obstacles, and
humans as is shown in Fig. 2c. Although the ERG guaranteed
constraint satisfaction in this highly dynamic environment, the
robot often got trapped in local minima when it is the influence
region of multiple obstacles.

Since Rapidly-exploring Random Tree (RRT) path planners
can solve complex path-planning problems in cluttered envi-
ronments, but have issues with handling dynamic constraints
in real-time, a combination of an RRT and an ERG was
studied [under review], such that HRC experiments can be
executed safely and quickly in a realistic cluttered environment
perceived by depth cameras (see Fig. 2d).

A learning-based ERG with level-set-based DSM has been
proposed in [22] and the first steps towards safe black-box
quadrotor flight were outlined in [23].

Lastly, we also have used the trajectory-based ERG as
a Feasibility Governor (FG) for nonlinear systems [under
review], similar to FGs for linear systems [24], [25], that
ensures the OCP of a real-time iteration NMPC scheme, with
an arbitrary (short) prediction horizon, remains feasible for
arbitrary far away (moving) targets.
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