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Abstract—Nonlinear model predictive locomotion controllers
based on the reduced centroidal dynamics are nowadays ubiq-
uitous in legged robots. These schemes, even if they assume an
inherent simplification of the robot’s dynamics, were shown to
endow robots with a step-adjustment capability in reaction to
small pushes, and in the case of uncertain parameters - as un-
known payloads - they were shown to provide some “practical”,
albeit limited, robustness. In this work, we provide rigorous
certificates of their closed-loop stability via reformulating the
online centroidal MPC controller. This is achieved thanks to
a systematic procedure inspired by the machinery of adaptive
control, together with ideas coming from Control Lyapunov
Functions. Our reformulation, in addition, provides robustness
for a class of unmeasured constant disturbances. To demonstrate
the generality of our approach, we validated our formulation
on a new generation of humanoid robots - the 56.7 kg ergoCub,
as well as on the commercially available 21 kg quadruped robot
Aliengo.

Index Terms—Legged Robots, Robust/Adaptive Control, Op-
timization and Optimal Control.

I. INTRODUCTION

Legged robots are attracting considerable interest both from
researchers and industry practitioners. New companies and
existing industry leaders are joining the race for a “general
purpose” robot. This general-purpose robot is expected to
perform collaborative and autonomous tasks both in home and
work environments [1], [2]. This, in turn, requires navigating
those environments safely while carrying out collaborative
tasks robustly. This paper contributes towards the design
of locomotion controllers that ensure a degree of provable
robustness and stability.

On the locomotion side, a commonly employed modular
architecture that separates the trajectory generation and ad-
justment blocks, typically running at a “slower” frequency,
and a faster whole-body trajectory tracking block, is well-
trialed [3], [4]. The trajectory generation and adjustment
blocks usually use simplified “template” models to allow faster
computation, including the Linear Inverted Pendulum [5]-[7],
and the centroidal momentum dynamics model [8], which have
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demonstrated effectiveness and are well documented in the
field. Concerning the latter, a common approach for quadruped
locomotion is the use of the single-rigid-body model that
captures the centroidal dynamics in addition to the robot
base orientation evolution and inertial effects [9], [10]. On
the humanoids side, recently a centroidal Model Predictive
Controller (MPC) was utilized, in this modular architecture, to
allow a humanoid robot to walk [11]. Moreover, by modifying
the prediction model and estimating contact wrenches at
the hand (under suitable assumptions and contact wrenches
parametrization) the robot was shown to walk under the
action of a persistent disturbance, namely while carrying a
payload [12]. However, no closed-loop stability nor robustness
guarantees were provided from a methodological perspective.

Considerable work is being done to endow the envisioned
general-purpose robots with robustness to both impulsive
disturbances (e.g. in case of push recovery [13]) and persistent
disturbances (e.g. in case of payload carrying [14]-[16]) while
performing collaborative tasks. These requirements naturally
lead to the question of endowing the locomotion controller
with an adaptive-control flavour [17]-[19].

From this adaptive control point of view, the key lies in
understanding that the centroidal momentum dynamics, when
influenced by unmeasured disturbances, falls within the class
of systems known as parametric-pure-feedback forms. This
fact in turn allows us to leverage the procedure described in
the seminal work of Kanellakopoulos, Kokotovic and Morse
[20], extending it to the Multi-Input-Multi-Output case, for
designing an adaptation scheme and feedback.

Furthermore, to handle constraints typically imposed at the
trajectory adjustment layer on the control and states (e.g.
friction cone constraints), and inspired by the ideas in [21]-
[23], we combine the Lyapunov stability machinery synthe-
sized via the adaptive control approach with the nonlinear
Centroidal MPC. Additionally, we add constraints on the
residual dynamics, which in our setting reduces to the angular
momentum evolution, thus ensuring the stability of the whole
feedback system.

Compared to the standard literature on stability for MPC
controllers (see e.g. [24, Ch 5]), the proposed stabilizing
constraints are obtained without relying on computing max-
imal controlled invariant output reachable sets. Additionally,
the developed stabilizing constraints rely on non-restrictive
assumptions and provide guarantees of robustness to bounded
constant disturbances as a by-product thanks to a simple
adaptation scheme. Moreover, differently from similar impor-
tant works on intrinsically stable MPC for humanoid gait
generation e.g. [25], [26], we leverage a nonlinear reduced
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model for prediction which facilitates explicitly constraining
contact forces within the friction cone, allowing to handle non-
coplanar contacts [27], performing more agile motions given
the more accurate dynamics representation, as well as handling
surfaces with different static friction coefficients [28]. Finally,
in contrast to similar works on quadrupeds, we derive an
adaptation law and stabilizing constraints without simplifying
to a linear force-based MPC [29], nor relying on the Slotine-Li
formulation [19], [30], neither requiring multi-stage optimiza-
tion as done in [31], thereby considerably streamlining the
controller synthesis. Consequently, the contributions of this
paper are twofold;

(i) A reformulation of an online Centroidal MPC with added
stability and robustness guarantees is presented.

(i) To prove the generality of our approach, we experi-
mentally validate the proposed controller in different
scenarios under multiple types of disturbances, both on
a humanoid and a quadruped robot. Moreover, the code
for reproducing the experiments is made open source!.

This paper is organized as follows: Section II presents

notations and the necessary machinery used throughout the
rest of the manuscript, together with a formal statement of the
problem; Section III introduces the proposed reformulation
of the Centroidal MPC and states the main results; Section
IV introduces, in a brief manner, the experimental setup
and presents comprehensive experimental validation results.
Finally, concluding remarks in Section V end the manuscript.

II. BACKGROUND
A. Notation and nomenclature

Given a vector z € R™, [|z|| and =" define, respectively,
the 5 norm and transpose of x. Matrices are denoted with
capital letters e.g. M € R4 >4z [ and 0,, denote the identity
and zero matrices of dimension n. For z € R3, 2" = S(x) :
R?® — s0(3) returns the skew symmetric matrix form of z.
Additionally, the following nomenclature is used;

o h’, h* denote the aggregate linear and angular momen-
tum of all links referred to the robot center of mass -
CoM, and oriented as the inertial frame and h is the vector
collecting them.

e Pcons is the CoM position referred to the inertial frame.

o p; represents the position of a contact point associated
with contact force ¢ referred to the inertial frame.

o m is the robot mass and g= (0 0 g 0 0 0)T
denotes the gravity acceleration vector with g = —9.81.

B. The centroidal momentum dynamics

The reduced dynamics of the centroidal quantities of a rigid
body in contact with the environment with n. control impact
forces, under the influence of k external disturbance forces
acting on the CoM takes the form [32]:

. 1
DCoM = EBh (1a)

Ne k
h=>" Au,(pu)Tiui + > Ag,(ps,)0i + mg  (1b)

i=1 i=1

Ihttps://github.com/ami-iit/paper_elobaid_2024_stable-centroidal-mpc

where u;, 0; € R® are control impact forces and external dis-
turbance forces respectively, I'; € {1, 0} is a variable capturing
the status of contact i (see eqn (5) in [11]), B = [I3 03] a
selector matrix, and for some force ~:

) = |

Whenever mentioned, the nominal (unperturbed) dynamics, is
obtained by dropping the terms Ag, (pcom, Po, )0; from (1b).

I3 }
Dy — pCoM)

C. Parametric-pure feedback forms

For the sake of clarity of exposition, let a given nonlinear
single-input-single-output perturbed system be modeled as

i = fo(x)+ Z9ifi($) + [g0(x) + Zeigi(x)] u (2

y = h(x) 3)

with the vector fields f(z), g(x) being complete, the map h(x)
vanishes at the stationary points, the states x € X C R", the
controls u € Y C R, and assume the output y € R has a well-
defined relative degree r, equivalently the input-output link is
linearizable via feedback [33, Ch. 4]. Further, let § € QO C RP
be a set of unknown parameters in a compact and convex set.
Whenever there exists a #—independent coordinates transfor-
mation ¢(x) : x — (f 77) such that in the new coordinates,
system (2) reads:

&1 =& +0Tai(&1,6,m)
52 = £3 + 0T@2(§17£27£3an)

g.r—'l - gr + aTar—l(glv e aéra 77)
67‘ = a0(§7 77) + HTOCT(&VI) + /Bo(ga T])U

p

=1
y==E&

and such that «;(0,0) =0, Vi =0,1,...,r and 5,(0,0) # 0,
then the above representation in the new coordinates is referred
to as a parametric-pure feedback system [20]. For systems
transformable into the parametric-pure feedback form above,
a systematic procedure is detailed in [20] for designing robust
adaptive feedback controllers.

REMARK 1. Note that setting &1 = pcon, €2 = h', n = h®,
the perturbed centroidal dynamics (1) is readily transformed
into a parametric-pure feedback form with r = 2.

D. Problem statement

ASSUMPTION 1. before stating the problem, we make the
following assumption;

(i) We are given a desired nominal reference trajectory for
the center of mass, p¢,y, together with both the first and
second-order derivatives of the reference.

(ii) Consider in (1) that m =1 and n. =k = 1.
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(iii) Assume that the disturbance force 0 acting on the CoM
is constant

REMARK 2. point (i) in Assumption (1) is not restrictive.
One could compute the derivatives if not given. The above
also applies to constant references. Concerning point (i),
it is simply for clarity of presentation, and the arguments
following in the next section hold for the general case (modulo
simple matrices manipulations). Point (iii) restricts the class of
disturbances, for which the statements made later in this paper
hold, to persistent constant disturbances (e.g. forces at the
robot hand while carrying a non-changing payload). However,
as we will see in the experiments and validation reported in
Section 1V, for some bounded impulsive disturbances (pushes
and payload weight changes), the proposed solution still per-
forms reasonably well thanks to the inherent step adjustment
capabilities of the controller.

PROBLEM 1. Given the perturbed dynamics (1), and assuming
Assumption 1 holds, design a control input w such that:

1 For a disturbance 0 that is bounded in the /{5-
norm, the tracking error remains bounded, specifically:
limy o0 [|[Pcors — Deopsll < € for some small € € R.

1t The closed-loop feedback system is Lyapunov stable, i.e.,
solution trajectories of the closed-loop system remain near
an equilibrium for all time. > <

III. ONLINE CENTROIDAL MPC WITH STABILITY AND
ROBUSTNESS GUARANTEES

In what follows, we derive explicit expressions for stabiliz-
ing constraints and cost regularization terms. These ingredi-
ents, when added to the standard Centroidal MPC formulation
can address the Problem 1.

A. Robust adaptive redesign

Noting Remark 1 and the procedure reported in [20], let us
define the following coordinates change:

21 = DCoM — PlomM (4a)
22 = k1(pcor — PGont) + Bh — Do (4b)
n=Ch. (4¢)

for k; a suitable diagonal gains matrix, and C' selector matrix
such that n = Ch = h". Note that the above is a valid
coordinate change choice’. In these new coordinates, we can
rewrite the z sub-dynamics corresponding to (1) as:

21 = Bh _pTCIJOM
= BBT (—]{?121 + 22 +pgoM> _pTCL'oM

= —k121 + 29

20One could ask for the stronger notion of asymptotic stability, i.e. that
solution trajectories not only remain near but also converge to the equilibrium
as t — oo. This is not strictly necessary in our setting since we do not require
perfect tracking.

3A diffeomorphism defined almost everywhere (in the sense of the domain
of definition of the relative degree taking in eqs. (1) as output pcooar)-

sy = k121 + Bh — o
= k1 (—k1z1 + 22) + BlAu(pu)u + Ap(pe)o
+ gl = Plom
= —kiz1 + k1zo + BG+u+0 — poon

Now, denote by 0 an estimate of 0 that we adaptively update,
and set, for some suitable gain matrix ks the feedback:

u=—(ky +ka)zz + kizs — BG— 0+ o, (5
and note that the above choice in turn yields:

29 = —kozo —‘ré

where 6 is the estimation error, i.e. 0=0—0. Finally, for an
adaptive law for our estimate, let

(6)

With the feedback (5) and the adaptive law above, the overall
dynamics becomes (with some abuse mixing coordinates, i.e.
using both z, n and pcom state variables on the right-hand side),

é:ZQ

Z1=—kiz1 + 22 (7a)
2o =—kaza +0 (7b)
6 = 2 )
n= S(pu _pCoM) ( — k1zg — kozo + k‘le

- Bg— é +ﬁgo]\/[> + S(p9 _pCoM)e (7d)

REMARK 3. Note that the first r = 2 derivatives of the
reference are needed by construction in the above argumen-
tation. Hence this design assumes a higher-level planner for
the CoM positions, velocities, and accelerations. Additionally,
when m # 1 the procedure is unchanged (apart from minor
computations adjustment).

From the above, we can state the following intermediate
and helpful result:

LEMMA 1. Consider the centroidal dynamics (1), and let
Assumption 1 hold true, then the feedback:

U= Uy +V

®)

with u,, given by (5) and v an additional term solving the
inequality
(Z; + nTS(pu - pCoM))V S
- TIT (S(pu - pCoM)un + 5(109 - pCoM)G) 9

together with the coordinates change (4) and the adaptation
law (6) solve Problem 1.

Proof. one may note that in the new coordinates, Problem 1
reduces to asking for stability of the closed-loop system. Now
pick the candidate Lyapunov function

V(z, é, n) = lezl + ZQTZQ +070+ nTn (10)
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and note that for k1, ky > 0,
V= le731 + z;,ég — §T5+nTﬁ

= Zl ( klZl + 2’2)
+ 25 (—k;222 +0 -|-V> — 5T22
+7’T (S(pu - pCoM)[Un + l/] + S(p9 - pch)e)
= —zirklzl — z;kgzg + zirzg
+Z2TV + 77T (S(pu - pCoM)[un + V} + S(p@ - pCoM)Q)
< zzTV +n' (S(pu — peom) [Un + V] + S(pe — pCOM)e)

because the first three terms are negative semi-definite. Then
it is clear that having V < 0 reduces to finding v solving (9).
This inequality admits solutions thanks to the skew-symmetric
nature of S(-,pcom) and 6 being constant by assumption.
Consequently, under (8) the closed-loop system is stable, and
so is the z sub-dynamics, thus satisfying both the bounded
tracking error and stability requirements of Problem 1. O

REMARK 4. note that u,, stabilizes the (z,0) sub-dynamics,
and the angular momentum dynamics restricted to the set
S = {(#,m) : z = 0} becomes an internal zero dynamics
in that case. Given that the angular momentum dynamics is
non-minimum phase, then u.,, alone is not enough to stabilize
the full closed-loop system. Consequently, we leverage u,, for
adaptation and gravity compensation, while introducing an
additional term v solution to (9) that stabilizes the resulting
closed-loop. In the following subsection, we will use optimiza-
tion, within our MPC formulation, to obtain the value of v
enforcing a stability constraint on the system and satisfying
additional constraints.

To conclude this subsection, we emphasize that the impact
forces computed by (5) may not guarantee feasible robot
locomotion. This is mainly due to having no considerations
for the feasibility of the contact forces (in the sense of the
friction cone constraints [34]). This limitation is addressed in
the following section. In particular, we will use the knowledge
gained from Lemma 1 and the discussion that followed to
derive a modified Centroidal MPC controller that considers
friction cone constraints.

B. Stable Centroidal MPC for robust locomotion

Consider the following cost functional

J = ZTn

where n,, > 1 is the prediction horizon of the MPC controller
[24], k € Z>( is the time step and

T,y = 21(k) T Q121(k)
Ty = (k) T Qan(k)

for some positive definite weight matrices (1, Q2 > 0 penal-
izing linear and angular momentum errors. Additionally,

Tyetr) = (pe(k) = P2 (k) " Qs (pe (k) — pg (k)

+ Ty + Tpe (k) + Tui) (11

12)
13)

(14)

is a task penalizing the deviation of the feet contact locations

pc which has the dynamics described by eq. (5) in [11] from

a nominal contact location pj (k) at time instant k. Finally,
Tou(k) is a regularization task on the control impact forces (
making forces on the feet corners as symmetric as possible (cf
term (Eq. (6) in [11])).

With this cost function, we associate the following con-
straints for all k = 0,...,n,;

1) The prediction model: namely a Forward-Euler integra-

tion of the unperturbed dynamics i.e. ;

peom(k+1) = pcon (k) + ABR

B+ A Au, (pu Tauah) +mg)

where A is the controller sampling rate, and p.,,, vy,, L
are the position, velocity and status of the contact at the
corner ¢ of the robot feet.

2) The coordinates change (4) and feedback relation over
the prediction horizon

21 (k

hk+1) =

) = pCoM( ) = Plors (k)

22(k) = krz1(k) + Bh(k) = peon ()

n(k) = ( )

u(k) = un(k) + v(k)
with u, (k) being the feedback (5) at time k and v a
decision variable.

3) The stability constraints: instead of enforcing the in-
equality (9) due to having no measurement of the actual
disturbance 6, we impose the following equivalent two
constraints. In particplar, the first constraint asks for the
stability of the (z,0) subdynamics given the feedback
(8). The second complements the first by requiring the
internal 1 dynamics to be stable

—z) (k)k121(k) — 24 (k)ka2za(K)
+ 2 (k)za(k) + 22(k) T
[n(k + D < [In(k)|l

4) The contact forces feasibility constraints:

AR u(k) <b

(16)

v(k) <0 (17)

(18)

where R is the rotation matrix associated with the
impact force w.r.t the inertial frame, and A, b constants
depending on the friction coefficient [34]. One stresses
that the friction cone constraints are applied to the whole
feedback (8) and not only on the term v.

5) Constraint on the maximum allowable contact location
adaptation error

ty < R¢ (pe(k) — pg (k) < wp

with ¢, wup being lower and upper-bounds.
With the above discussion in mind, we can now make the
following claim,

19)

PROPOSITION 1. Given system (1), and let Assumption 1 hold,
Then the feedback control (8) with v solution to the MPC
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problem with a cost functional (11), and constraints (15), (16),
(17), (18), (19) solves Problem 1 whenever the optimal control
problem is recursively feasible.

The above statement follows directly from Lemma 1. Due
to (8) and its accompanying discussion, one in principle solve
for v, treating u,, as a feed-forward control while ensuring
the friction cone constraints apply to their sum. Note that in
the above statement, we neglect the effects of discretization
on MPC problems [35]. Instead, we implicitly assume that
emulation (Zero-Order-Holding) of control and measurement
signals are fast enough such that we are able to use the
Lyapunov arguments in continuous-time. This is not restrictive
in practice and is typically the case when dealing with robotics
applications.

One could interpret the above reformulation as follows: The
MPC problem above, in essence, is the “projection” of the
feedback (8) in a set defined by the force-feasibility and max-
imum contact adaptation errors constraints*. This also explains
the choice of the candidate Lyapunov function for which we
have intuition about the existence of a feedback solving the
unconstrained problem. Additionally, from an implementation
point-of-view, since one invokes receding horizon by design,
it is possible to relax the problem and enforce the constraints
(16)-(17) only over the first predicted value, and not necessar-
ily over the whole horizon. The intuition is that only the first
optimal control in the sequence is applied before the optimizer
is recomputed. This further enhances the computational time
required [22].

REMARK 5. with respect to [12], it is worth stressing that the
MPC problem defined in Proposition 1 does not consider the
disturbance in the prediction model. Furthermore, no specific
tasks handling an assumed persistent disturbance is present.

IV. VALIDATION AND EXPERIMENTS

Hereinafter, we first present an answer to the question “why
we care about stability?”, then proceed to discuss experimental
validation on both the humanoid ergoCub and the quadruped
Aliengo’ together with some statistics.

A. Do we need the stabilizing constraints ?

Apart from rigor, it turns out that the stabilizing constraints
allow for some practical cases where not including them leads
to close loop instability, and consequently failure of the robot
to complete a locomotion task. More precisely, consider a
simple unperturbed floating mass system equipped with legs,
with the CoM height being 0.53 m. This system is asked to
follow a given nominal reference for the CoM and feet contact
locations. To make the comparison fair, no disturbances are
applied to the system throughout the whole trajectory. We
use the Centroidal MPC with and without the stabilizing
constraints to assess their effect.

Figurel reports the results of this comparison on a floating
mass with two legs resembling a humanoid. At first, the

4in essence, a set being the union of two convex polytopes defined by the
Centroidal MPC constraints.

5 Available in https://www.unitree.com

prediction horizon is set to be around 1.2 s similar to what is
done in [11], while the controller frequency is set to 10 Hz. We
allow ¢, £, # 0 to add step adjustment capability and help the
optimizer. Both the nominal Centroidal MPC and our proposed
reformulation are able to track the desired nominal references.
We then decrease the prediction horizon to 0.9s at which
point the nominal formulation fails to perform a single step,
while the proposed reformulation, thanks to the stabilizing
constraints, keeps both the CoM and angular momentum
trajectories bounded, thus completing the locomotion task.
A similar effect can be observed by halving the controller
frequency, i.e. setting AT = 0.2s.

REMARK 6. the above discussion also highlights an inter-
esting observation: while the computational time required by
the proposed reformulation is higher compared to the original
work in [11] (as will be seen when discussing experiments),
this can be mitigated, at least in part, by shortening the
prediction horizon. The only limitation in this case is recursive
feasibility of the problem, explicitly assumed in Proposition 1.

B. The case of a humanoid robot

The newly developed ergoCub® robot, designed and built
by the Italian Institute of Technology to be a successor to
the iCub 3.0 robot [36], weighs almost the same at 56.7 kg
while standing 25cm taller. To validate our proposed ap-
proach, the optimization problem presented in Proposition 1
is implemented (using casadi [37] with IPOPT [38], running
at 20Hz) as the middle layer in the three-layered control
architecture presented in [11, Figure 2]. The output of this
controller is the desired contact forces and locations. These in
turn are passed to a whole-body control layer that generates
and sends desired joint positions to the low-level robot motor
control boards. The whole-body controller is a stack of task
QP (solved using an off-the-shelf solver running at 200 Hz)
over the robot generalized velocity, which are then integrated
as position references for the low-level control.

To facilitate computations, the stability constraints and
changes in coordinates are enforced only for the first step
of the optimization horizon. Additionally, the contraction con-
straint on 7)(k) is reduced to a limit on the norm, i.e.||n(k)|| <
a for some & € R. Furthermore, the gain matrices k; =
0.113, ko = 0.513 are fixed, thus reducing the optimization
variables and removing them from the constraints.

Several experiments were carried out in which the robot
is asked to’: (1) carry a box with fixed payload weight and
complete a locomotion task (with two different speeds, one
slower by a factor of 0.7 compared to the other), (2) carry a
varying payload (this is achieved by a person putting different
weight plates inside the box up to 6kg) while the person
is exerting external pushes, and, as a benchmark against the
inherent step adjustment capability of the MPC (3) walk while
the person is exerting external pushes on the robot estimated
as 60N — 100N. In Figure. 2, we report the results of the
second case where towards the end the robot is subjected to

Ohttps://ergocub.eu/project
7see accompanying video for the testing scenarios.
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Fig. 1.

Left - nominal prediction horizon and controller frequency. Center - shorter horizon and nominal frequency. Right - nominal horizon and lower

frequency. In the last two cases, the proposed method succeeds in stabilizing the robot’s motion as opposed to the nominal one thanks to the additional

constraints (17).

a large lateral pull by the human on the right forearm. The
following observations can be made

e To cope with the payload, the tracking error on the
nominal contact is never zero. The robot shifts the right
foot contact slightly to adapt to the changing payload,
i.e. shifting and increasing weight inside the box that the
robot is carrying.

o The controller is able to keep the internal dynamics
(angular momentum modulo robot mass) norm below
@ = 0.3, even during the pulling phase (see Figure 2).

It is also worth mentioning that the feet contact position
tracking error is comparable to that reported in [12], being
at most 0.055m on the second experiment scenario, despite
the larger payload (in comparison), additional constraints and
different footprint dimensions.

C. The case of a quadruped robot

To prove the generality of our approach, we test the opti-
mization problem presented in Proposition 1 on a quadruped
robot walking on uneven terrain. The robot is commanded
to follow a velocity reference through a set of steps while
carrying an unmodelled payload of 7Kg. The controller is
implemented by modifying an existing acados [39] based
software stack. We described the robot with the centroidal
model in [10], considering the robot base orientation with
Euler angles (roll, pitch, and yaw) and the base angular
velocity using Euler rates. Thanks to the fast solvers, our
MPC was able to run at a frequency of 160 Hz, eliminating
the necessity of applying the stability constraints in (17) only
in the first time step. Given the explicit parametrization of
the base angles, the residual dynamics constraint resolved in
a limit of the maximum allowed base angles variation and
velocity. Hence, with 7 in this case, we refer to the vector
comprising the roll, pitch, and Euler rates, discarding the yaw
angle due to the drift in its estimation. Finally, a whole-body
controller running at 250 Hz was responsible for commanding
joint torques to the robot.

We perform a comparison between our formulation and a
nominal centroidal MPC (running at 230 Hz) on the above sce-
nario. In Figure 2, we report the results of these experiments.
Given the additional payload, the robot with the nominal MPC
was unable to cross the scenario, showing a large error both in
height and in the base angles that hindered the stability of the
motion on uneven terrain (see the accompanying video). This
behavior can be observed by looking at Figure 2 - bottom-
right, where we depict the violation of the first imposed
stability constraint (17) during motion. Instead, with our
formulation, both quantities remain limited, allowing the robot
to complete the task successfully (see Figure 2 - bottom-left).

D. Comments on repeatability and performance

Table I reports a statistical analysis of the proposed
method’s performance against its nominal counterpart. For
this, we ask the robot to navigate two different scenarios
using a randomized simulation: a simple flat terrain and a
pyramid of stairs (see the accompanying video for illustration)
while carrying different payloads. We perform 50 trials for
every single case, commanding the robot’s different forward
(randomly chosen between 0.1m/s — 0.3m/s) and angular
velocities (randomly chosen between —0.2rad/s —0.2rad/s).
Furthermore, in the case of the pyramid stairs, after each trial,
we randomize the environment parameters (rise from 5 to
10 cm, and go from 50 cm to 100 cm). We note the high
success rate, here described as the absence of body collision
with respect to the ground, of the proposed method under
all conditions compared to its counterpart. In addition, even
for cases where the nominal MPC is reasonably successful
(payloads 10kg), the tracking performances are lacking. The
best obtained results in each scenario are highlighted in bold-
face.

V. CONCLUSION

In this paper, we endow the recently proposed Centroidal
MPC locomotion controller with theoretical guarantees for



IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.

Proposed MPC performance on the humanoid ergocub
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Fig. 2. Top left: The nominal feedback (5) (scaled by robot the mass for clarity) for the humanoid experiment. Top right: the extra stabilizing feedback term
v. Bottom left: the proposed MPC satisfying the first stabilizing constraint in (17). Bottom right: the nominal MPC violating the stabilizing constraint when

the quadruped fails (see accompanying media).

0 kg (Nominal) | 0 kg (Proposed) | 10 kg (Nominal) | 10 kg (Proposed) | 15 kg (Nominal) | 15 kg (Proposed)
Success Rate on flat terrain (%) 100.0 100.0 100.0 100.0 64.0 94.0
Tracking error on CoM Height on flat terrain (Mean + Std) [m] 0.005 4+ 0.004 | 0.002 + 0.004 0.043 4+ 0.004 0.010 + 0.007 0.112 +0.015 0.017 +£0.01
Success Rate on Uneven Terrain (%) 100.0 100.0 92.0 100.0 16.0 88.0
Tracking error on CoM Height on Uneven Terrain (Mean + Std) [m] | 0.009 +0.009 | 0.006 + 0.008 0.044 + 0.010 0.011 + 0.008 0.12 £ 0.025 0.019 +0.014
TABLE I

PERFORMANCE COMPARISON OVER FLAT AND RANDOMIZED UNEVEN TERRAINS, WITH DIFFERENT COMMAND VELOCITIES AND PAYLOADS.

stability and robustness to bounded disturbances in the form
of an external force acting on the robot’s Center of Mass. The
presented results are then verified via several experiments on
both a humanoid and a quadruped. What remains is to enlarge
the class of disturbances that can be handled by this controller
and provide explicit expressions for their bounds. Additionally,
relaxing the requirement of recursive feasibility is the subject
of future work. It is important to note that our proposed

method suffers from the usual limitation of assuming dynamic
feasibility of the generated torques and/or velocities. These
limits, while currently handled at the whole-body control
layer, should be addressed at the trajectory adjustment layer
instead and may require the adoption of the more complex full
dynamics model of the robot inside the MPC loop.



IEEE Robotics and Automation Letters (RA-L) paper, presented at ICRA 2026, Vienna, Austria. Cite as RA-L paper.

ACKNOWLEDGMENT

This work was partially supported by the Italian National Insti-
tute for Insurance against Accidents at Work (INAIL) ergoCub
Project, and Honda Research and Development Japan, through
a joint-lab research initiative.

[1]

[2]

[4]

[6]

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

REFERENCES

L. Rapetti, C. Sartore, M. Elobaid, Y. Tirupachuri, F. Draicchio,
T. Kawakami, T. Yoshiike, and D. Pucci, “A control approach for
human-robot ergonomic payload lifting,” in 2023 IEEE International
Conference on Robotics and Automation (ICRA), 2023, pp. 7504-7510.
G. Turrisi, L. Schulze, V. S. Medeiros, C. Semini, and V. Barasuol,
“Pacc: A passive-arm approach for high-payload collaborative carry-
ing with quadruped robots using model predictive control,” in 2024
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), 2024.

T. Koolen, S. Bertrand, G. Thomas, T. De Boer, T. Wu, J. Smith,
J. Englsberger, and J. Pratt, “Design of a momentum-based control
framework and application to the humanoid robot atlas,” International
Journal of Humanoid Robotics, vol. 13, no. 01, p. 1650007, 2016.

G. Romualdi, S. Dafarra, Y. Hu, and D. Pucci, “A benchmarking of
dem based architectures for position and velocity controlled walking of
humanoid robots,” in 2018 IEEE-RAS 18th International Conference on
Humanoid Robots (Humanoids), 2018, pp. 1-9.

J. Englsberger, C. Ott, and A. Albu-Schiffer, “Three-dimensional
bipedal walking control using divergent component of motion,” in 2013
IEEE/RSJ International Conference on Intelligent Robots and Systems.
IEEE, 2013, pp. 2600-2607.

R. J. Griffin, G. Wiedebach, S. Bertrand, A. Leonessa, and J. Pratt,
“Walking stabilization using step timing and location adjustment on the
humanoid robot, atlas,” in 2017 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), 2017, pp. 667-673.

N. Ramuzat, G. Buondonno, S. Boria, and O. Stasse, “Comparison of
position and torque whole-body control schemes on the humanoid robot
talos,” in 2021 20th International Conference on Advanced Robotics
(ICAR), 2021, pp. 785-792.

D. E. Orin and A. Goswami, “Centroidal momentum matrix of a hu-
manoid robot: Structure and properties,” in 2008 IEEE/RSJ International
Conference on Intelligent Robots and Systems, 2008, pp. 653—659.

R. Grandia, F. Farshidian, R. Ranftl, and M. Hutter, “Feedback mpc
for torque-controlled legged robots,” in 2019 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS). 1EEE, 2019, pp.
4730-47317.

G. Turrisi, V. Modugno, L. Amatucci, D. Kanoulas, and C. Semini,
“On the benefits of gpu sample-based stochastic predictive controllers
for legged locomotion,” in 2024 IEEE/RSJ International Conference on
Intelligent Robots and Systems (IROS), 2024.

G. Romualdi, S. Dafarra, G. L’Erario, I. Sorrentino, S. Traversaro,
and D. Pucci, “Online non-linear centroidal mpc for humanoid robot
locomotion with step adjustment,” in 2022 International Conference on
Robotics and Automation (ICRA), 2022, pp. 10412-10419.

M. Elobaid, G. Romualdi, G. Nava, L. Rapetti, H. A. Omer Mohamed,
and D. Pucci, “Online non-linear centroidal mpc for humanoid robots
payload carrying with contact-stable force parametrization,” in 2023
IEEE International Conference on Robotics and Automation (ICRA),
2023, pp. 12233-12239.

B. Stephens, “Humanoid push recovery,” in 2007 7th IEEE-RAS Inter-
national Conference on Humanoid Robots, 2007, pp. 589-595.

K. Harada, S. Kajita, H. Saito, M. Morisawa, F. Kanehiro, K. Fujiwara,
K. Kaneko, and H. Hirukawa, “A humanoid robot carrying a heavy
object,” in Proceedings of the 2005 IEEE International Conference on
Robotics and Automation. 1EEE, 2005, pp. 1712-1717.

K. Harada, S. Kajita, F. Kanehiro, K. Fujiwara, K. Kaneko, K. Yokoi,
and H. Hirukawa, “Real-time planning of humanoid robot’s gait for force
controlled manipulation,” in IEEE International Conference on Robotics
and Automation, 2004. Proceedings. ICRA ’04. 2004, vol. 1, 2004, pp.
616-622 Vol.1.

[16]

[17]
[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]
[34]
[35]

[36]

[37]

(38]

[39]

H. Arisumi, J.-R. Chardonnet, A. Kheddar, and K. Yokoi, “Dynamic
lifting motion of humanoid robots,” in Proceedings 2007 IEEE Interna-
tional Conference on Robotics and Automation, 2007, pp. 2661-2667.

P. V. Kokotovi¢, Foundations of adaptive control. Springer, 1991.

S. Sastry and A. Isidori, “Adaptive control of linearizable systems,” [EEE
Transactions on Automatic Control, vol. 34, no. 11, pp. 1123-1131,
1989.

J.-J. E. Slotine and W. Li, “Composite adaptive control of robot
manipulators,” Automatica, vol. 25, no. 4, pp. 509-519, 1989.

I. Kanellakopoulos, P. V. Kokotovic, and A. S. Morse, “Systematic
design of adaptive controllers for feedback linearizable systems,” in /1991
American control conference. 1EEE, 1991, pp. 649-654.

A. D. Ames and M. Powell, “Towards the unification of locomotion
and manipulation through control lyapunov functions and quadratic
programs,” in Control of Cyber-Physical Systems: Workshop held at
Johns Hopkins University, March 2013. Springer, 2013, pp. 219-240.
R. Grandia, A. J. Taylor, A. Singletary, M. Hutter, and A. D. Ames,
“Nonlinear model predictive control of robotic systems with control
lyapunov functions,” Robotics: Science and Systems, 2020.

M. V. Minniti, R. Grandia, F. Farshidian, and M. Hutter, “Adaptive
clf-mpc with application to quadrupedal robots,” IEEE Robotics and
Automation Letters, vol. 7, no. 1, pp. 565-572, 2021.

L. Griine and J. Pannek, “Nonlinear model predictive control,” in
Nonlinear model predictive control. Springer, 2017, pp. 45-69.

N. Scianca, D. De Simone, L. Lanari, and G. Oriolo, “Mpc for
humanoid gait generation: Stability and feasibility,” IEEE Transactions
on Robotics, vol. 36, no. 4, pp. 1171-1188, 2020.

F. M. Smaldone, N. Scianca, V. Modugno, L. Lanari, and G. Oriolo,
“Gait generation using intrinsically stable mpc in the presence of per-
sistent disturbances,” in 2019 IEEE-RAS 19th International Conference
on Humanoid Robots (Humanoids). 1EEE, 2019, pp. 651-656.

S. Katayama, M. Murooka, and Y. Tazaki, “Model predictive control
of legged and humanoid robots: models and algorithms,” Advanced
Robotics, vol. 37, no. 5, pp. 298-315, 2023.

Y. Ding, A. Pandala, C. Li, Y.-H. Shin, and H.-W. Park, “Representation-
free model predictive control for dynamic motions in quadrupeds,” IEEE
Transactions on Robotics, vol. 37, no. 4, pp. 1154-1171, 2021.

M. Sombolestan and Q. Nguyen, “Adaptive force-based control of
dynamic legged locomotion over uneven terrain,” IEEE Transactions
on Robotics, 2024.

M. V. Minniti, R. Grandia, F. Farshidian, and M. Hutter, “Adaptive
clf-mpc with application to quadrupedal robots,” IEEE Robotics and
Automation Letters, vol. 7, no. 1, pp. 565-572, 2021.

S. Xu, L. Zhu et al., “Robust convex model predictive control for
quadruped locomotion under uncertainties. ieee tran. robot. 39 (6), 1-18
(2023),” 2023.

G. Nava, F. Romano, F. Nori, and D. Pucci, “Stability analysis and
design of momentum-based controllers for humanoid robots,” in 2016
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), 2016, pp. 680-687.

A. Isidori, Nonlinear Control Systems. Springer-Verlag, 1995.

R. Featherstone, Rigid body dynamics algorithms. Springer, 2014.

M. Elobaid, M. Mattioni, S. Monaco, and D. Normand-Cyrot, “On
unconstrained mpc through multirate sampling,” IFAC-PapersOnLine,
vol. 52, no. 16, pp. 388-393, 2019.

S. Dafarra, U. Pattacini, G. Romualdi, L. Rapetti, R. Grieco, K. Darvish,
G. Milani, E. Valli, I. Sorrentino, P. M. Viceconte et al., “icub3 avatar
system: Enabling remote fully immersive embodiment of humanoid
robots,” Science Robotics, vol. 9, no. 86, p. eadh3834, 2024.

J. A. E. Andersson, J. Gillis, G. Horn, J. B. Rawlings, and M. Diehl,
“CasADi — A software framework for nonlinear optimization and opti-
mal control,” Mathematical Programming Computation, vol. 11, no. 1,
pp. 1-36, 2019.

A. Wichter and L. T. Biegler, “On the implementation of an interior-
point filter line-search algorithm for large-scale nonlinear programming,”
Mathematical programming, vol. 106, no. 1, pp. 25-57, 2006.

R. Verschueren, G. Frison, D. Kouzoupis, J. Frey, N. van Duijkeren,
A. Zanelli, B. Novoselnik, T. Albin, R. Quirynen, and M. Diehl,
“acados—a modular open-source framework for fast embedded optimal
control,” Mathematical Programming Computation, vol. 14, pp. 147 —
183, 2019.



