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Abstract: This paper introduces the Compliant Explicit Reference Governor (CERG), a
modular reference management system that enables robots to interact physically with their
environment under provable guarantees. The CERG is an intermediate layer that can be placed
between a high-level planner and a low-level controller: it enforces operational constraints and
enables smooth transitions between free-motion and contact operations. The CERG ensures
safety by limiting the total energy available to the robotic arm at the time of contact. In the
absence of contact, however, the CERG does not penalize the system performance. Simulation
and hardware experiments validate the CERG on increasingly complex systems.
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1. INTRODUCTION

While traditional motion planning prioritizes collision-free
trajectories to guarantee safety and avoid self-damage,
Elbanhawi and Simic (2014), modern robotics increasingly
requires contact-aware interaction. Indeed, physical inter-
action with the environment, rather than its avoidance,
paves the way to more human-like behaviors where contact
with the environment is treated as a resource rather than
a hindrance, Stiiber et al. (2020).

To achieve contact-rich capabilities, robots must transition
between free motion and contact safely and coherently.
Moreover, both the robot and the environment impose
limits on the feasible motion and shape how physical inter-
action can occur. We distinguish between hard constraints
(joint limits, torque bounds, forbidden surfaces) and soft
constraints, where contact is permissible if handled safely.
These soft constraints translate into highly non-convex OR
conditions, where the robot must either a) avoid contact
entirely, or b) operate under contact-safe restrictions.
Optimization-based strategies for contact-rich manipu-
lation and trajectory optimization(Huang et al. (2024);
Le Cleac’h et al. (2024); Pang et al. (2023)) rely on a high-
level Model Predictive Control (MPC) layer that relies on
a time-varying local approximation of the contact dynam-
ics. However, they require a full redesign of the control
law, which is unappealing for practitioners with a legacy
controller whose behaviors are easily interpretable.
Conversely, hierarchical approaches can add constraint
handling to an existing controller without modifying it.
Michel et al. (2022) ensures safety by manipulating the
compliance of the controller using energy-based consider-
ations. Liang et al. (2023) filters the control input using
a control barrier function, but the former lacks constraint
guarantees and the latter, asymptotic stability guarantees.
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The Explicit Reference Governor (ERG) is a hierarchical
safety filter that manipulates the reference of an existing
controller, rather than modifying it and provides strict
safety and stability guarantees Nicotra and Garone (2018).
Merckaert et al. (2022, 2024) applied the ERG to robotic
arms, but only in the context of contact avoidance. In
this paper, we introduce the Compliant Explicit Reference
Governor (CERG): a constraint-handling safety filter tai-
lored to contact-rich tasks.

Selecting a safety metric for contact operations is a central
challenge. Certain methods (Dickson et al. (2025); Li et al.
(2021)) use interaction force as a safety guideline. Follow-
ing Michel et al. (2022), we define interaction safety using a
bound on the maximum total energy (potential+kinetic) of
the closed-loop system. Energy-based safety offers several
advantages: it is frame-invariant, ties directly to stability
guarantees, and is easily interpretable.

Thus, the CERG enforces safety by allowing the robot
to either avoid contact during free motion or engage in
contact with bounded mechanical energy. This framework
can seamlessly transition between modes without modify-
ing the controller or requiring a specialized solver for the
disjunctive constraints. The main contributions are:

e A modular reference filtering framework that seam-
lessly transitions between contact-free and contact-
rich motion, while respecting joint angle, velocity, and
torque constraints;

e A safety mechanism for disjunctive (OR-type) con-
straints, ensuring provable constraint satisfaction
without controller modification;

e An energy-based safety guideline that supports prov-
ably safe interaction.

The CERG is validated both numerically (on MATLAB
and Drake) and experimentally on a Franka Emika Panda.

1.1 Notation

Given two column vectors a and b, the column-wise vector
concatenation is denoted as [a;b] =[a” bT]T.



2. PROBLEM STATEMENT

Consider the dynamic model of a fully actuated robotic
arm subject to the Euler Lagrange equation

M(q)g+C(q,4)q+ 9(q) = u, (1)
where ¢ € R™ are the degrees of freedom, u € R™ are the
actuator inputs, and M, C' and g are the mass matrix,
Coriolis matrix, and gravity vector as defined in Ortega
et al. Q998 ), with M — 2C being skew symmetric. We use
x=[q ;4] to denote the full state. The system is subject
to hard btate and-input constraints

h(g,¢,u) <0, (2)
which capture a wide range of restrictions (e.g. joint range
limitations, joint velocity limits, actuator saturation, sur-
faces that the robot end effector cannot come into contact
with). The system is also subject to a soft constraint

s(g) < 0. (3)
This defines a surface the robot may contact, but only
with a limited amount of energy. Both h(g, ¢,u) and s(q)
are assumed to be C' continuous. The robotic arm is in
free motion if s(q) < 0 and is in contact if s(q) > 0.

Treating s(¢) < 0 as a hard constraint is often overly
restrictive, since contact is frequently desirable if safe.
We develop a constrained control strategy that transitions
seamlessly between free motion and contact via compli-
ance, satisfying:

Enforce h(q, ¢,u) <0 at all times;

Enforce s(q) < 0 -OR- allow safe contact;

If possible, steer the arm to a reference r € R";

Run in real-time with a low computational footprint.

Building on prior work on provably safe real-time con-
strained control of robotic arms Merckaert et al. (2022,
2024), this paper addresses contact by leveraging the abil-
ity of the ERG framework to handle “OR” constraints.

3. PRELIMINARIES

The Explicit Reference Governor (ERG) is an optimisation-
free reference management scheme that divides the con-
trol problem into a prestabilisation and a reference
management subproblem. Prior ERG implementations
(Merckaert et al. (2022, 2024)) treat contact as unde-
sirable: if an external agent initiates contact, the robot
stops until the agent disengages. This section presents the
ERG framework and identifies modifications needed for
voluntary contact.

3.1 Prestabilisation

The purpose of the prestabilization layer is to design
a constraint-agnostic controller that steers the robot to
a joint configuration v € R™. This paper considers a
standard PD with gravity compensation in joint space,
Arimoto (1996)

u=—Kp(q—v) - Kpj+g(q), (4)
Given a constant v € R™, the equilibrium point Z, = [v; 0]
is globally asymptotically stable, as shown via LaSalle’s
Invariance Principle with the Lyapunov Function

1. o1
V(z,v) = 54" M(@)i+ 5(a—v) Kp(g—v), (5)
which satisfies V(z,v) = —¢' Kpg. Note that (5) repre-
sents the total energy of the prestabilized system: real

kinetic energy stored in the robot and the virtual potential
energy stored in the control law, and is monotone decreas-

ing whenever v is constant.
3.2 FEaxplicit Reference Governor

Given a target r € R", the ERG generates a time-
dependent signal v : [0,00) — R™ so that the prestabilized
system (1), (4) ensures: (i) constraints (2) are satisfied at
all times, and (ii) if possible, lim¢ o g(t) = r. This is
achieved by manipulating the derivative of the reference
according to

b= Alw,0)plv, 1) (6)
where p(v,r) is the Navigation Field, which solves the
kinematic problem “what steady-state admissible path can
the robot take to reach the reference?”, and A(z,v) is
the Dynamic Safety Margin, which solves the dynamic
problem “how fast can the robot travel along its path with-
out violating constraints?”. The ERG framework, includ-
ing safety and stability proofs, is detailed in Nicotra and
Garone (2018).

Navigation Field (NF):
attraction/repulsion NF

p(v,7) = part(v,7) + pa(v), (7)

r—v

This paper considers the basic

where

(8)

patt(rvv) = max(||r o U||,77)

is a conservative vector field that points from v to r,

pn(v) = max (W, 0) pn(v), (9)

is a conservative vector field that points to the interior
of the steady-state constraint hss(v) = h(v,0,g(v)), and
n > 0, ( > Jd, > 0 are positive constants. Computation
of pr(v) follows Merckaert et al. (2022). Local minima can
be avoided via RRT augmentation Merckaert et al. (2024),
which is outside this paper’s scope.

Dynamic Safety Margin (DSM)  For simplicity, this pa-
per only considers the trajectory-based DSM

AIL(J:7U) = Rh II;%(_B(T"I’ U))7 (10)
where kp > 0, and the constrz;int prediction
h(T|3;‘,U) = h((j(T),(j(T),ﬁ(T)% (11)

is obtained by solving the prestabilized system

{M(q)éj +C(4,9)q + 9(d) = 4, (12)
i=—Kp(Gg—v)— Kpq+ g(q)

with initial conditions [§(0)T;¢(0)T] = z. The forward
dynamics are integrated via Symplectic Euler for compu-
tational efficiency and details on finite-horizon predictions
and discrete dynamics are in Merckaert et al. (2022).

If s(q) is treated like a hard constraint, the proposed ERG
scheme outputs v = 0 and brings the robot to a full
stop. Although this behavior is safe, it prevents movement
until contact is resolved. The next section introduces the
main contribution: a compliant ERG enabling the robot
to operate safely (v # 0) while in contact.

4. COMPLIANT EXPLICIT REFERENCE
GOVERNOR

The CERG architecture is illustrated in Fig. 1. In analogy
to Michel et al. (2022); Liang et al. (2023), we consider it
“safe” to come into contact with the robot if
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Fig. 1. CERG decomposes the Dynamic Safety Margin into
Hard and Soft terms. The Soft DSM Ag(z,v) and
Energy DSM Apg(z,v) ensure safe contact, while a
Soft Navigation Field limits penetration. The applied
reference integrates p(v,r) scaled by the DSM.

V(x’ 7‘}) S Ema)n (13)

where Ep,.x > 0 is an upper bound on the total (kinetic
+ potential) energy available to the robot. The aim is to
manipulate ©(t) so that

e Free Motion: the total energy is unconstrained, as
limiting the kinetic energy would unnecessarily slow
the robot;

e Contact Operations: the total energy stored in the
system is less than a given safety threshold Ey, . > 0.

These requirements can be expressed as a logic OR con-
straint

s(q(t)) <0 Vv V(z(t),v(t)) < Emax, Vt>0, (14)
which is equivalent Hosseinzadeh et al. (2019) to
min(s(q), V(x,v) — Emax) < 0. (15)

To also account for hard constraints h(g, ¢, ) < 0, we must
satisfy c(x(t),u(t),v(t)) <0, Vt > 0, with

The compliant ERG can now be obtained by designing a
suitable Dynamic Safety Margin and Navigation Field.
4.1 Compliant Dynamic Safety Margin

From (Nicotra and Garone, 2018, Definition 1):

Definition 1. A Lipschitz continuous function A(z,v) is a
“Dynamic Safety Margin” for the constraint ¢(z,u,v) <0
if

o Az,0) >0 = e(#(r),i(r),v) <0, ¥r > 0;

o A(z,v) >0 = c(&(r),u(r),v) <0, V1 > 0;

e Alx,v) =0 = A(&(r),v) >0, V1 > 0;

e V5 >0, Je>0: ¢(Ty,Uy,v) <=0 = ATy, v) > €
where &(7) = [§(7); ()] and a(r) are the solutions to
(12).

The following Lemma states that the ERG law (6) ensures
forward invariance of the hard constraints.

Lemma 1. The DSM Ay, (z,v) satisfies the property
Ap(x(t),v) > Ap(z(0),v), Vt > 0.

Given a constant v, the trajectory predictions match the
prestabilized dynamics (12) . As a result,

f (~h(rla(0), 0) = inf (~h(rle(0),0)), (17
which satisfies
jgft(—ﬁ(le(O),v)) > jrzlfo(—il(le(O)vv)) (18)

The statement then follows from (10). We now define the
DSM for soft constraints, Ag(z,v), and prove an important
property

Proposition 1. Let

As(l',’()) = Ks ig%(_g(ﬂ'% U))v (19)

where ks > 0, §(7|x,v) = s(4(7)), and ¢(7) is the solution
o (12). Then,

Ag(z(t),v) > Ag(x(0),v), Vt > 0. (20)

The property holds since the position constraint s(q) < 0
is a special case of the general state-and input constraint
h(g, ¢, u) < 0.

We now provide a DSM for the compliant constraint.

Theorem 2. Let Ay, Ag be defined as in (10), (19), and
let

Ap(z,v) = Kp(Fmax — V(z,0)), (21)
with kg > 0 and V(x,v) given in (5). Then,
A(z,v) = min(Ap, max(As, Ag)) (22)

is a Dynamic Safety Margin for (16).

By construction, Ay, >0 implies h(Z(7),4(7)) <0, Y7 > 0
and A; >0 implies s(§(7)) <0, V7 > 0. The same holds for
non-strict inequalities (i.e. “>” instead of “>7).

Lemma 1 and Proposition 1 ensure Ay (Z(7),v) > Ap(z,v)
and Ag(2(7),v) > Ag(x,v), for all 7 > 0.

Finally, h(v,0,g9(v)) < =6 = Ap(z,v) > § and
s(v) < =6 = Ag(x,v) > ¢ hold by construction
since the equilibrium point (x,v) = (Z,, v) always satisfies
Z(7|z,v) = Ty, YT > 0.

These properties are all a direct consequence of the fact
that A, and A, are trajectory-based DSMs for their
respective constraints. As for Ag, it follows from V (z,v) =
—¢"Kpg that

V(&(r),v) < V(x,v), V1 > 0. (23)
Thus, Enax — V(z,v) > 0 implies Eyax — V(Z(7),v) > 0,
V7 > 0. This is sufficient to show that Ag(z,v) > 0 implies
V(&(7),v) — Fmax < 0 (same with non-strict signs) and
that Ag(z,v) > 0 = Ag(Z(7),v) > 0, Y7 > 0. As
for the final property of DSMs, we note that, regardless of
v, the Lyapunov function satisfies V(Z,, v) = 0. Therefore,
the system always satisfies Ag(Z,,v) > kg Emax > 0. This
proves that Ay, As; and Ag satisfy Definition 1 for their
respective constraints.

To conclude the proof, we now look at how the individual
DSMs are composed. First, consider

A'(z,v) = max(A4(z,v), Ag(z,v)). (24)
Since A’ > 0 implies either Ay > 0 or Ag > 0, it follows
that A’(z,v) > 0 is sufficient to satisfy the OR constraint
(14). Moreover, it follows from the time monotonicity of
Ay, Ag that A'(&(7),v) > A'(z,v), V7 > 0. Finally,
we note that min(s(g,), V(z,v) — Fmax) < —d implies
A(xz,v) > max(d, kg Emax). Similar reasoning applies to
the overall function A(x,v) = min(Ap(z,v),A'(z,v)),
where min operator enforces an AND rather than an OR
constraint.

Theorem 2 yields a Dynamic Safety Margin that mixes
hard and soft constraints. The former are enforced at all



times, the latter features two alternatives, only one of
which needs to be enforced at any given time.

4.2 Soft Navigation Field

Unlike hard constraints, the soft navigation field should
allow v(t) to penetrate the constraint boundary. Having
v(t) inside an object is what enables the compliant con-
troller to enter contact with that object. The following
“soft” repulsion field is proposed

ps(v) = max (?70) ps(v),

where the unitary vector ps(v) points to the interior of the
constraint and can be computed as detailed in Merckaert
et al. (2022). This particular repulsion field satisfies

(25)

e 5(v) <0 = ps(v) = 0: the repulsion field is inactive
whenever v is outside the constraint;

o 5(v) =0; = ||ps(v)|| = 1: preventing v from pen-
etrating beyond J5 since the attraction field satisfies
the bound ||t (v, 7)|| < 1, Yo € R™.

The resulting attraction/repulsion field is

p(v, T) = past(v,7) + ph(U) + ps(v)’
again augmentable with RRT to avoid local minima.

(26)

5. NUMERICAL EXAMPLES

This section validates CERG framework for increasingly
complex systems and contact models, starting with a two-
link arm, progressing to a 7-DoF Franka Emika simulation
in Drake, and concluding with hardware experiments, on
the Franka Emika arm. We benchmark CERG against
ERG and a standard Cartesian impedance controller
with a null space control on hardware, demonstrating its
significant practical advantages. Videos are available at
http://yaashia-g.github.io/publications/ CERG/.

5.1 Two Link Planar Arm

For the purpose of this simulation, the contact forces are
modeled as a unidirectional spring damper system.

Fea:t = - maX(07 Ks(q))VS(q) - ma‘X(07 BS(Q))q (27>
where K and B are the spring and damping coefficients of
the object. With ps(v) =[0 — 1] in (25), the navigation
field steers v towards the solution to

min |lv — r||? (28)

st s(v) < —d.
This property follows from convexity of the constraints and
the attraction/repulsion NF being a regularized projected
gradient flow, Nicotra and Garone (2018). For this simple
example, since Kp represents a virtual spring between x
and v, a desired steady-state force Fgs > 0 maps directly
to maximum penetration depth J,.

05 = Fss.

Kp
Noting that the corresponding potential energy at steady
state is Fss = %Kpéz we must satisfy the energy upper-

(29)

ERi

bound Es < Enax if we wish to attain the target steady-
state force.

We consider a two-link planar arm (RR arm) with dy-
namics satisfying (1) as in Lynch and Park (2017). The

RR Robot, Joint Space Control vs End Effector Control
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Fig. 2. CERG applied to the RR arm with joint-space and
end-effector control. The final configurations minimize
joint-space and Cartesian error, respectively, but the
auxiliary reference paths are identical.

parameters [q,ly, m1,mo are 1lm, 0.5m, 2kg and 1.5kg
respectively. The end effector position is p = f(g), where
f(q) are the forward kinematics. The initial condition is
go = [7/2, 7/5]" and the reference r = [r/4, —7/3]T,
corresponding to end-effector position [1.19, 0.57]T. The
system has soft constraints p, < 1, which the reference
violates. Fig. 2 shows the trajectory of the end effector
reference f(v) and the steady-state configuration reached
by the RR arm. Given

JH(w)[10]"
qs(v) = T( )[ }T )
[[7¥(w)[1 O]
for (25), where J(v) is the Jacobian of the forward kine-

matics and JT is its pseudoinverse, following Merckaert
et al. (2022), v converges to a local minimum of

min || f(v) — f(r)|* (31)
st s(v) < —ds. (32)
Despite this, note that p does not converge to the Carte-

sian projection of f(v) onto the constraints, as CERG is
implemented in joint space, instead of end effector space.

(30)

A possible way to address this issue is to reformulate the
CERG in end effector space using the control law

u=—kyJ(q)" (f(q) — f(v)) = kad + 9(q).-

The corresponding energy function

Vi) = 5 M@+ 5(f@) ~ 7)) Kp(fa) ~ F(0)),

is monotone time decreasing, but it a) may stagnate
whenever f(q) — f(v) € null(J(q)"), and b) proves the
stability of the equilibrium subspace f(q) = f(v) as
opposed to the equilibrium point ¢ = v. Interestingly, the
theory presented applies to end effector control without
modifications. Given k, = 16 and k4 = 10, the comparison
in Fig. 2 shows that the CERG implemented in end effector
space successfully reaches the configuration that minimizes
the Cartesian distance between f(q) and f(v) and the
steady-state mapping (29) is preserved. Meanwhile, the
ds -Fss relationship becomes less intuitive in joint space.

(33)

Despite the apparent advantages of end effector control
(which the CERG can perform, if desired), the joint-
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Fig. 3. Forces exchanged between the RR arm and the wall
for CERG with a joint space controller, CERG with
end effector controller, and without CERG.
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’

Fig. 4. Task description for CERG evaluated in DRAKE
simulation with a Franka Emika Panda. The robot
starts in free motion and then slides along the wall.

space formulation is preferable in a hierarchical architec-
ture, since task-space to joint-space conversion is typically
handled by the high-level planner. Using two different
controllers confirms CERG acts as a modular add-on for
any low-level controller. Fig. 3 shows that CERG reduces
interaction forces in both formulations as compared to
operating without it. The F,,x bounds were respected in
both cases (energy plots omitted for brevity), confirming
that CERG also limits interaction forces.

5.2 Franka Emika Panda Simulation using DRAKE

For a more realistic example, we simulate the 7-DoF
Franka Emika using Drake’s Compliant Contact Model,
which accounts for dissipation, stiffness, and static/dynamic
friction, Tedrake and Team (2019). The robot is subject to
hard constraints on joint torque, joint velocities, and joint
limits, that are necessary for the functioning of the robot,
as specified in Franka Emika GmbH (2025).

The reference, again, was chosen to force the arm to come
into contact with the obstacle. In this case, the end effector
constraint is p, < 0.2 and the end effector reference

Simulation Energy Comparison

T
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—— CERG (Epmax =0.04)

0 2 4 6 8 10
Time (s)

Fig. 5. Energy comparison for compliant point contact
model simulation in DRAKE. CERG adheres to Fyax
during contact while matching the ERG’s free-motion
energy profile.
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Fig. 6. Experiment Setup with the Franka Emika. CERG
structure is validated on 2 tasks, Wiping a White-
board and Pushing a Jenga tower.
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Fig. 7. System energy comparison for the wiping task.
The ERG violates energy limits during contact, while
CERG enforces every imposed FEy,,x precisely.

is f(r) = [0.3,0,0.59]T. Fig. 4 shows the simulation
environment and the final position of the robot arm. Fig.
5 shows the energy of interaction for CERG and ERG. As
expected, the CERG successfully limits the total energy of
the closed-loop system.

5.3 Franka Emika Panda Real World Experiments

Having validated CERG in simulation, we validate CERG
on two real-world contact-rich tasks using the Franka
Emika Panda: whiteboard wiping and Jenga pushing.
The robot was subject to hard constraints, as in the
previous example. The performance was measured against
ERG and a Cartesian Impedance Controller with null
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Fig. 8. System energy comparison for pushing task. ERG
topples the tower as it cannot enforce energy limits;
CERG adheres to Enax and completes the task.

Table 1. Real-world experiments: Wiping and

Pushing.
Task Controller Task Limited Constr.
Done Fmax Enf.
Wiping Impedance 4 X X
(Videos) ERG v X v/
CERG v v v
Pushing Impedance X X X
(Videos) ERG X X f
CERG v v v

space control, Albu-Schéffer et al. (2003). CERG and
ERG share the same nominal joint-space controller; the
impedance controller was tuned per task. The Jenga tower
face towards the robot and the whiteboard were encoded
as soft constraints. Table 1 summarizes results: CERG
prevents constraint violations in both tasks, while ERG
and impedance control each fail in at least one.

Wiping  (Fig. 6, left) The wiping task requires the robot
to grasp an eraser, then sweep it back and forth across a
whiteboard. Since the task is not energy-sensitive, CERG,
ERG, and Impedance control all complete it. During con-
tact, CERG enforces three different E,.x values (Fig.7)
while the ERG does not. The Cartesian Impedance con-
troller, on the other hand, does not deal with hard con-
straints. When put in an initial configuration far away
from the eraser, the controller goes into a joint velocity
violation and the motion stops. However, CERG is able to
complete the task without any hard limit violations.

Pushing  (Fig. 6, right) The pushing task requires the
robot to push a stacked Jenga tower without toppling it.
This highly energy-sensitive task demonstrates bounded
energy transfer while still achieving the objective. By
limiting contact energy, CERG pushes the tower without
toppling it, while exceeding F.x in free motion with no
performance penalty. ERG fails due to excessive contact
energy (Fig. 8). The impedance controller, tuned for gentle
pushing, either violates joint velocity limits from distant
starts or, when tuned slower, fails to transition smoothly
and topples the tower.

The experiments confirm that CERG enables seamless
phase transitions, disjunctive constraint satisfaction, and
energy-bounded safe interaction without controller re-
design.

6. CONCLUSION AND FUTURE WORKS

This paper introduced the Compliant ERG, a safety filter
that modifies the reference of a robot arm, ensuring
satisfaction of constraints. The key innovation of the
Compliant ERG is that it enables the robot to seamlessly
transition between two operating modes: free motion,
where the energy of the robot is unrestricted but contact is
not allowed, and contact, where contact is allowed but the
robot has a limited amount of available energy. Numerical
simulations, and real world experiments provide insight on
the behavior of the CERG and validate the feasibility of
the approach. Future work will focus on interfacing the
CERG with task-oriented planners.
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