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Abstract— In this paper we consider the problem of allowing
a humanoid robot that is subject to a persistent disturbance,
in the form of a payload-carrying task, to follow given planned
footsteps. To solve this problem, we combine an online non-
linear centroidal Model Predictive Controller - MPC with a
contact stable force parametrization. The cost function of the
MPC is augmented with terms handling the disturbance and
regularizing the parameter. The performance of the resulting
controller is validated both in simulations and on the humanoid
robot iCub. Finally, the effect of using the parametrization on
the computational time of the controller is briefly studied.

I. INTRODUCTION

Of the various humanoid robots locomotion control ar-
chitectures, a modular model-based design emphasizing the
separation between high-level trajectory generation and ad-
justment block(s) and a whole-body trajectory tracking block
is becoming a mainstay [1]. The high-level control layer
typically utilizes “template” models to reason about the
center of mass and feet trajectories [2], while the whole-body
control layer uses the robot full model to track the adapted
trajectories (see Figure 1). This paper focuses on designing
a high-level trajectory adjustment controller leveraging a
template model to allow for humanoid robots locomotion
under the action of persistent disturbances.

When using “template” models for high-level objectives,
the Linear Inverted Pendulum (and its variations) [3] is typ-
ically used in an optimal control formulation [4]. However,
while this approach proved very successful attested by the
large body of literature on the subject [S]-[7], it limits the
engineer both in terms of how dynamic the walking pattern
achieved is (specially for position controlled robots) as well
as the different tasks possible (e.g. running and jumping). In
this context reduced models (of which Orin’s and Goswami’s
centroidal momentum dynamics model [8] is perhaps the
most relevant to our work) are more suited to different
balancing and locomotion tasks.

Moreover, as humanoid robots are increasingly expected
to carry out collaborative tasks in a work environment [9],
research on robust locomotion for humanoid robots is gaining
more interest [10]-[12]. The collaborative nature of the work
entails studying not only impulsive disturbances effects on
the humanoid balancing and locomotion (e.g., a push on the
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Fig. 1: The controller highlighted in a typical multi-layer
bipedal locomotion control architecture.

humanoid robot [13], [14]), but also persistent disturbances
(e.g., a payload being carried by the robot [15]-[18]).

Several works in the literature deal with persistent distur-
bances in quadruped (e.g. [19]) and humanoids locomotion
(e.g. [20]-[22]). In particular, they can be classified in two
broad categories; the first approach deals with the disturbance
via robust control machinery. An example of this is the use
of robust tube-based MPC as in the work of Villa and Wieber
[21].

The second (and more relevant to this work) approach
relies on leveraging some knowledge about the persistent
disturbance in the controller design. This knowledge may
be obtained via the use of disturbance observers and/or
estimators as in the works of Smaldone et. al [22], Kaneko
et. al [23] and the references therein.

In this direction, this paper contributes towards allowing
a humanoid robot to carry a payload while walking, lever-
aging knowledge of the payload effects on the centroidal
dynamics quantities. More in details, building upon [2], we
propose an online non-linear MPC payload-aware high-level
controller. In addition, we simplify the online non-linear
optimization problem by eliminating the so-called contact-
stability constraints [24] on the feet. This simplification is



achieved thanks to a recently introduced contact-stable force
parametrization [25]. Consequently, the optimization variable
is changed and the number of constraints is reduced trans-
ferring the complexity to the cost function by adding terms
specifically handling the payload effect. The non-linear MPC
problem is solved online and validated on the example of a
floating mass with two legs as well as on the humanoid robot
iCub [26]. Furthermore, the computational effort required
is briefly investigated specifically in terms of the effect of
removing constraints from the original optimization problem
through the use of the contact-stable force parametrization.

The manuscript is organized as follow; Section II intro-
duces the notations then summarily recalls the necessary
machinery used throughout this work and states the problem
treated in an explicit manner. Section III introduces the
proposed controller solving our problem together with some
necessary comments and remarks. Section IV focuses on the
validation of the proposed controller both in terms of sim-
ulations and experimental results. Finally, some concluding
remarks in Section V end the manuscript.

II. BACKGROUND

In this section, we first introduce the notations used
throughout, then report the basic ingredients required for
designing our proposed controller together with a statement
of the problem addressed.

A. Notations and nomenclature

For any vector z € R”, |z|| and 2" define respectively
the norm and transpose of z. Given a full rank matrix
B € R™™ with n > m, Bt = (B"B)"!BT denotes the
Moore-Penrose inverse, while B~ its orthogonal complement
verifying B+ B = 0, and ker{B} denotes its null space. I,,
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
standard nomenclature will be used throughout the text;

o H' H“ will denote the aggregate linear and angular
momentum of all links referred to the robot center of
mass CoM and oriented as the inertial frame.

o Pcoar is the position of the CoM referred to the inertial
frame.

e FPe,, Re,, ve, will represent the position of a contact
point ¢ referred to the inertial frame, a rotation matrix
expressing the orientation of a frame attached to the
contact point and the linear contact velocity respec-
tively.

o For each foot we have n. € {1,2} the total number of
possible contacts at each stance phase;

e n, = 4 is the number of contact vertices assuming a
fixed rectangular contact surface.

e 7v; €{0,1} is a variable capturing whether contact i is
active or not.

« Finally, m is the robot mass and the gravity acceleration
vector is denoted ¢ = (0 0 981 0 O O)T.

B. The centroidal momentum dynamics

The reduced dynamics of the centroidal quantities of a
humanoid robot carrying a payload can be modeled in the
standard non-linear control affine perturbed form [27];

&= f(z) + G(z)u +p(x)d (1)

where d corresponds to the external wrench(s) caused by the
payload, and the drift, control and disturbance vector fields
take the forms (omitting the zero block-matrix dimensions
for clarity);

fi(x) 0 0
f(@)=| folz) |, G(z) = | g2.1(2) 0 , (2a)
0 O g372(5€)
0
p(z) = | p2(2) (2b)
0
where, following [2], we set
T Pcom y
=[xz | = H , H= (gw) (3a)
T3 PC
o fur) f
(- ()

for f,ve vectors collecting external wrenches at the feet and
contact velocities, and for each contact, capturing the contact
status by letting

PQ = (1 - ,77;>’Uci 4)

Performing the above assignment, we have explicitly;

fl(x) = fBIL'Q, B = (I3 03)
fo(z) = —mg

go1(x) = AsT', g3o(x)=1-T
p2(7) = Ay

where I' is a diagonal matrix of appropriate dimensions
with diagonal blocks corresponding to ~y; contacts, and the
matrices

s Iy 03
= \(Pe, — Poon)" I

A, — I3 03
% (Pa; — Poom)” I3

with Py, , j € {I,7} the contact point of the payload, assumed
fixed on the left and right hands respectively. The dynamics
(1) will be used for controller design in Section III.



C. The contact-stable force parametrization

For a given contact wrench;
-
w = (F'c F, F, M, M, Mz)

where F;;, M; are the corresponding force and moment in the
1 direction respectively, maintaining stable planar unilateral
contact is tantamount to enforcing the following constraints;

F, > fmn >0 (5a)
VF2+F2 < pF. (5b)

. M,
Yy < o <y (5¢)

4

. M,
M < Fy < g (5d)

M,

’ 7| <He (5e)

min ,.max , min , max

in which 7", a2,y y®* are the dimensions of the
herein assumed rectangular contact surface, and ., pt, are
the static and torsional friction coefficients respectively.
Constraints (5) above define a constraints set K, and can
be equivalently written as w € K.

In [25], a stable contact wrench parametrization

w=¢E):RE»KCK
for some ¢ € RS was proposed ensuring the satisfaction of
(5), where

tanh &; (e%8 4+ /')

He \/14+tanh? &,

tanh €5 (e53 +f;“i")

He 1/ 1thamh‘2 &1

¢(§) — ebs + fmin ' (6)
(8, tanh &4 + 6, ) (€52 + fin)
(02 tanh & + 0y, ) (€52 + fmin)
i tanh(&) (€% + 1)
and
max __ ,.min max min
5x:%’ 63:0:_9% ;‘-TC
Y — e Yo+t
Oy = Ty Oyo = 9

Remark 2.1: given the contact constraints (5), the
parametrization (6) represents an almost global cover of the
corresponding feasible contact wrenches. The constraints (5)
covers our case, assuming no flight phase during walking,
and a co-planar contact at the footsteps impacts, and conse-
quently this parametrization suffices. The interested reader is
referred to [25] for the technical details.

D. Problem statement

The problem we are concerned with can now be stated;

Problem 1: Given the dynamics (1), and a set of nominal
footstep locations and corresponding CoM (and momentum)
references, it is required to design a feedback control law
such that the following is achieved;

1) Nominal references tracking: a bounded tracking er-
ror on both the centroidal quantities nominal references
and contact locations is maintained V.

2) Disturbance attenuation: the effect of the payload on

the tracking performances is minimized '.

It is imperative to note that the tracking requirement is
relaxed compared to the exact tracking problem version.
This is also motivated by the need to allow the feedback
to provide a footstep adjustment capability. It is also clear
that we are not asking, explicitly, for the feedback to respect
some actuator limits, since we implicitly assume that this is
taken care of by the whole-body control layer as in Figure
1. In the next section, we will detail our solution approach
to this problem.

ITII. NON-LINEAR CENTROIDAL MPC WITH
CONTACT-STABLE FORCE PARAMETRIZATION

Starting from the multi-layer architecture in Figure 1,
we propose to modify the high-level trajectory adjustment
layer, utilizing a receding horizon approach [28]. Indeed,
based on the recently proposed online non-linear centroidal
MPC controller [2], we propose to modify the prediction
model, the cost function and constraints in order to solve
the problem.

A. The cost function

The cost function reflects the objectives detailed in the
problem statement, and to this end, the following tasks are
considered in the cost function.

1) The nominal references tracking task: this can be
further decomposed, rewriting

Ty =Ty +Tp, (7N

where the centroidal dynamics task T}, reads;
1 1
Ty = SlLaa 3, + 5z — 2Tl ®)

with L = (03 I3) and x7 a reference trajectory for the
CoM position, while Qp, Q. > 0 positive definite penalty
matrices of suitable dimension.

As for the footstep location tracking task T'p,, given a
nominal reference =% (e.g., coming from an external planner
block), we incorporate the following penalty;

1 n
Tre = 5llas - 731, ©)

in which )p, > 0 is a positive definite penalizing weight.
2) The Payload attenuation task: this can be further
decomposed into;

T =Ty + Tg (10)

where the payload attenuation (and gravity compensation)
term T; takes the form

1 o
—myg X In,cxm, ||2Qd

1
Ty = gl = (A)(~Aad) — —— —
(1D

Isuch that, barring mechanical limitations of the hardware, the robot is
able to carry and walk with the payload without falling over



rewriting u; = ¢(&) in terms of the parameter (our opti-
mization variable) and Q4 > 0 a positive definite penalizing
matrix of suitable dimension. In addition, we add a regular-
izing task T on the parameter value of the form;
L2
T = 3 l€ll, (12)

where Q)¢ > 0 is a positive definite penalizing matrix.

Remark 3.1: the regularizing task on the parameter &
magnitude stems from the fact that
lim¢(&)=(0 0 1+fm 0 0 0)"
£—0
with the contact force application being in the interior of the
support surface. In other words, as the parameter decreases,
the corresponding contact force has no components parallel

to the contact surface and are always in the interior of the
feasible set.

B. The constraints

The parametrization (6) allows us to eliminate the contact-
stability constraints (5) from our optimization problem. In
this sense, and differently from [2], we only apply inequality
constraints corresponding to restricting the maximum allow-
able footstep location error. Namely we set;

—Ib < |[Re, (a5 — x57)

| < ub (13)

where, as in (9), x?’ is a nominal reference for the 7 contact
vertex and lb, ub are lower and upper bounds for the tracking
error respectively.

C. The general MPC problem

With all the ingredients in place, we can state the general

MPC problem to be solved online for ¢ = 1,...,n,;
V* = min Zﬂ + Ty (14a)
k=0
S.t
z(k+1i)=F(zx(k+i—1),u(k+i-1)) (14b)
—1b < ||Re, (x3(k +i) — af(k+i)|| <ub  (14c)

with n,, being the so-called prediction horizon and where
the prediction model (14b) is obtained by discretizing the
dynamics (1) using any numerical integrator [29]. For our
validation purposes, we use a simple Euler’s discretization
scheme. The controller outputs are generated using the
Receding Horizon Principle, adopting a fixed prediction
window with a length equal to n, samples. Specifically,
solving (14) for the minimizer (£*, v}) then the feedback
solution to Problem 1 reads;

w = (s w)

Remark 3.2: notice that no terminal ingredients (e.g. ter-
minal penalty and constraints set [28]) are added in this
MPC problem to ensure closed loop recursive feasibility and
stability. This is beyond the scope of this article.

5)

D. The payload estimation

At any given time instant, the payload external wrench
d(t) and its contact location Py, (t) is needed for n, steps
ahead in the prediction model to solve the optimization
problem (14). This can be satisfied by having a simple
dynamics modelling the evolution of both d(t) and Py, (t)
and integrating over time. In control-theoretic terms, an exo-
system generating the references and disturbance trajectories
can be used [30]. Instead, we opt to simplify this requirement
in the following manner;

Assumption 1: For t = k§, d being the sampling period
used to integrate the prediction model, and given an estimate
of the payload external wrench cf(k) the following holds;

dk+i)=d(k), i=1...n,

Moreover, we assume the payload contact location w.r.t.
CoM to be given by Py (k +1i) = Py (k), Py (k+1i) =
Py, (k) for i = 1...n, where Py (k), Py (k) are the right
and left hands positions at time k respectively.

It is worth stressing that this is a valid assumption since
the payload disturbance is updated in the next iteration of
the MPC thanks to the receding horizon implementation.

When testing on the robot, both d(k) and Py (k) are
needed. For the payload contact location, the robot kine-
matics model is enough to obtain, for each time step, the
values of P,. As for the payload external wrench, we use an
estimation algorithm that relies on propagating the measure-
ments obtained by a given set of force-torque sensors through
the kinematic chain, writing and aggregating the Newton’s-
Euler’s equations for each rigid link in the sub-chain and
solving for the external wrench via a least-square norm-
minimization-like technique (for more details the reader is
referred to [31] and the references therein).

To conclude this section, some remarks are in order:

o the task (11) results from applying direct disturbance
compensation techniques. When in double support,
there may exists infinitely many values for the parameter
¢ satisfying the requirement. A projection on the null
space to enforce a given selection of the minimizer may
be be used [25]. The current set-up however does not
enforce a strict prioritization of (11).

o neglecting the disturbance compensation (11) and pa-
rameter regularization (12) tasks, the MPC problem (14)
is not necessarily equivalent to that in Section III-D of
[2]. Consequently, as explained in Remark 2.1, there
exist feasible feet contact wrenches solving the original
problem, for which no optimum parameter solving
(14) can be obtained. However, for our purposes, the
paramtrization covers almost all (90% of) the feasible
forces space [25].

I'V. RESULTS AND VALIDATION

In this section, we validate the proposed controller on
several scenarios and comment on the obtained results. In
all cases, we use Casadi® [32], IPOPT [33] and the linear
solver HSL MA97° [34] to solve the optimization problem
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Fig. 2: Comparison of obtained CoM trajectories and adapted contact locations of the proposed parametrized MPC with
payload attenuation (a), and a non-linear centroidal MPC without payload attenuation (b). The payload external force acting
on the CoM is also depicted with an orange arrow, together with the feet contact forces.

np [time steps] 10 MPC rate [s] 0.2
pe [N/A] 0.33 fmin 0.01
Qh, 107 x I3 Qc diag{1, 1, 103}
Qp. 200 x I3 Q4 10% x I3
Qg 10 x I

TABLE I: parameters and penalizing weights

(14). In addition, table I list the various parameters and
weight penalties that are fixed throughout the validation case
studies. The proposed controller runs on a 10th generation
Intel® Core i7-10750H laptop equipped with Ubuntu Linux
20.04. For bench-marking reasons, and whenever mentioned,
we compare the modified payload-aware controller against
the MPC controller presented in [2]. This is done using
parameters and penalizing weights that were originally tuned
for the controller in [2].

A. Reduced models simulations

We first validate the proposed approach in the case of a
floating mass equipped with two legs. In this case we set
m = 1kg, n. € {1,2},n, = 4 and the CoM height being
¢, = 0.53m. The system is subject to a 1.5kg payload
at an assumed fixed payload contact location being P;, =
(0.25 +0.1 —%)T for the left and right payload contact
location w.r.t. to the CoM respectively. Figure 2 depicts
the generated CoM trajectories and foot-step locations and
contact forces in this case.

It is clear from the simulation figures that including an the
payload attenuation task in the MPC problem results in more
reasonable CoM trajectory, i.e. with less variation in the CoM
height for the same tuning parameters. More interestingly,
while the feet contact forces are comparable in both cases,
the proposed parametrized centroidal MPC compensates for
the payload with larger steps adaptation.

B. Validation on the iCub3 robot

To test the proposed controller performances on a hu-
manoid robot, we use the iCub3 [35], a 1.25m tall, and
weighs 52kg. The tests were carried first in simulation

using Gazebo [36] and then replicated on the real hard-
ware (modulo sensor/actuator noise and wrist mechanical
construction limits). Indeed, in this case, the payload contact
locations are obtained online at each time step using the
robot kinematics assuming a fixed contact location at the
hand reference frame. Additionally, and as is done in [2],
the whole-body controller is a Quadratic Program - QP over
the robot generalized velocity and the joint velocities. The
QP program is solved using an off the shelf solver.

In this scenario, we give the robot planned nominal feet
steps and corresponding trajectories. In addition, the robot
is carrying a box that contains a small weight of 2kg
(due to the iCub3 wrist construction limitations ). Figure
3 illustrates the obtained performances in terms of tracking
of the CoM and the feet contact locations adaptation. As
expected, the CoM tracking error is about 0.01m — 0.04 m
with persistent adaptations on the feet tracking to compensate
for the payload (i.e with a peak of about 0.021 m). The robot
manages to conclude the task successfully.

C. Comments on computational aspects

One interesting question concerning the simplification of
the MPC problem by using the parametrization (6) to reduce
the number of constraints would be; what are the gains, if
any, in terms of computation time and number of iterations?

To fairly judge this aspect, we removed the corresponding
payload attenuation (11) and parameter regularization (12)
tasks. Those instead were replaced with a force regularization
term rendering the feet contact forces as similar as possible.
In this sense, we are able to compare the parametrized
centroidal MPC against the original version developed in [2].
Figure 4 illustrates the computational time in both problems
in one run where the objective is to allow the robot to
walk following some nominal planned footstep trajectory.

2In simulations, as explained in the accompanying video,
we are able to attach a mass of m = 10kg. Related code
https://github.com/ami-iit/paper_elobaid_2023_icra_
walking_with_payloads.git
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Fig. 3: Top: screenshots of the robot walking while carrying the payload. Bottom left: the CoM tracking in closed loop.
Bottom right: the tracking errors of the generated (adapted) feet contact locations w.r.t the nominal ones.

This direct comparison shows that while in a lot of time
steps, the original centroidal MPC out-performs the proposed
controller in terms of computation time required, however on
average, the proposed controller gives better results (0.068 s
compared to 0.073s). It is also clear that the performance
gain is not by much. In essence, removal of constraints in a
non-linear optimization problems does not necessarily lead
to significant, if any, computational gains.
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Fig. 4: Computational time comparison

V. CONCLUSIONS AND PERSPECTIVES

This work presented an online non-linear centroidal MPC
controller in combination with an external payloads estimates
and a stable-force parametrization to allow a humanoid robot
to carry objects while walking. The ‘“robustness” of the
proposed controller stems from a specifically designed term
in the cost function that rejects the effect of the disturbance,
as well as including the payload effects on the centroidal
quantities dynamics in the prediction model. The controller
is validated both in simulations and on a newer version of
the humanoid robot iCub. Being a simplified MPC controller
thanks to the force parametrization, some computational
gains are obtained, albeit being rather small.

As a future direction of research, we are investigating
additional avenues of lowering the computational time re-
quired. In addition, we are interested in closing the loop on
the contact forces to achieve better contact forces tracking.
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