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Direct Force and Pose NMPC with Multiple Interaction Modes for
Aerial Push-and-Slide Operations

Lazar Peric*, Maximilian Brunner*, Karen Bodie*, Marco Tognon, Roland Siegwart

Abstract—1In this paper, we present a model predictive
controller for a fully actuated aerial manipulator to track a
hybrid force and pose trajectory at the end-effector in an aerial
interaction task. A force sensor at the end-effector is used to
detect contact and to directly control the interaction force. We
propose an approach for automatic transition between three
operation modes which reflect the state of contact constraints,
including free flight and two modes for force control based on
static or dynamic friction at the end-effector. This division into
three modes allows for different mode-specific controller tunings
to optimize the desired performance throughout an interaction
task. Results from flight experiments which combine force,
position, and attitude tracking, show the performance of the
controller in terms of accuracy and precision. The performance
is further benchmarked against a hybrid force/impedance
controller.

I. INTRODUCTION

Increasing demand for industrial inspection has played
a major role in the push for improved aerial manipulators
(AMs), where dangerous tasks must be executed sparsely
in extremely large workspaces. Far from a fixed grounding
point, tasks such as force-controlled contact and push-and-
slide on a surface are perfectly suited for micro aerial
vehicles (MAVs) [1]. Incremental developments in aerial
interaction over the past decades took a marked leap in the
past few years with the emergence of fully-actuated AMs [2].
Their ability to decouple translational and rotational dynam-
ics makes fully-actuated AMs capable of performing aerial
interaction tasks with improved precision and stability [3].

Several demonstrations of push-and-slide tasks with fully-
actuated AMs have emerged in the past few years. Applica-
tions include aerial writing [4], [5], peg-in-hole location [4],
and contact-based infrastructure inspection [6], [5]. While
most of these systems demonstrate the ability to exert high
(> 10N) static interaction forces, these forces are signifi-
cantly lower during push-and-slide tasks, and typically with
low-friction contact conditions.

Fixed base manipulators can overcome high friction forces
via strong counteracting ground forces, but floating base
manipulators (as depicted in Fig. encounter a larger
problem during the stick-slip transition. Hybrid force/pose
trajectories typically separate the task space into constrained
and unconstrained degrees of freedom (DoF), commanding
forces in the constrained directions, and motion in the uncon-
strained directions. With high friction interaction, however,

* Authors contributed equally to this work and can all be considered as
first authors.

This work was supported by the NCCR Digital Fabrication.

Authors are with the Autonomous Systems Lab,
Ziirich, Leonhardstrasse 21, 8092 Zurich, Switzerland.
maximilian.brunner@mavt.ethz.ch

ETH
e-mail:

g I

23
Fw

Fig. 1. Visual representation of the aerial manipulation system during a
push-and-slide task, and its main variables.

the transition between static and dynamic contact becomes
nontrivial. Larger static friction forces, if not properly ad-
dressed, can cause saturation of the inputs, overshoots, and
unexpected slips leading to possible crashes.

Passivity-based techniques have been implemented for
fully actuated AMs, such as the energy tank approach, which
aim to handle the problem of unwanted slippage or loss of
contact. This is achieved by virtually dissipating an energy
tank in the controller, and restricting the system output
accordingly [7]. However, forces during push-and-slide tasks
remain small, and there is no use of direct force sensing, nor
anticipation of the future trajectory.

The knowledge of interaction forces at the end-effector
(EE) can provide key insight into the consideration of
friction-based contact constraints. The estimation of EE
forces for AMs, however, is typically degraded by unmodeled
aerodynamic effects and delays due to system integration.
With recent improvements of force-sensing technology, these
concerns are addressed by directly measuring interaction
forces with a Force-Torque (FT) sensor at the EE [8], [9].

Up to this point, existing control techniques for aerial
interaction have been used for slow-moving, and predomi-
nantly low-friction sliding interaction tasks. Model predictive
control (MPC), with its ability to account for constraints and
to optimize over the future trajectory with a receding horizon,
offers a solution to this problem. MPC has been previously
implemented with underactuated-base AMs with fixed [10]
and actuated [9] EE. However, due to underactuation of the
platform, tasks remain slow, with low interaction forces dur-
ing push-and-slide. Some MPC-based approaches have also
been developed for fully-actuated MAVs [11], [12], but only
in free-flight. In the domain of mobile robot manipulators,



direct interaction force control has been implemented with
MPC, achieving large forces applied to the environment [13].
Thanks to the fixed nature of the base, high friction forces
could be treated as disturbances without causing instability.

The challenge remains in how to formulate the aerial inter-
action problem with a model-based controller in the presence
of unknown environmental parameters, appropriately inte-
grating information from direct force sensing. The method
proposed in this paper aims to extend aerial interaction to
high friction interaction up to high velocities. In particular,
we present the following contributions:

o A novel nonlinear model predictive controller (NMPC)
for hybrid 6-DoF pose and force tracking for a fully-
actuated AM, incorporating direct force feedback for
interaction.

o A practical implementation of contact constraint con-
ditions for high friction aerial interaction, with au-
tonomous transitions between 3 different control modes.

o Experimental validation of the controller and compar-
ison against an impedance controller with a PI force
feedback.

II. SYSTEM MODELING

In the course of this work we will refer to three ref-
erence frames as depicted in Fig. the inertial world
frame Fww = {Ow,zw,yw, 2w}, the body frame Fp =
{OB,zp,yB,zp} which is fixed to the geometric center
of the AM, and the surface frame Fg = {Og, xs,ys, 25},
which is fixed to the surface (assumed flat in the work-space)
and arbitrarily placed. O, represents the center of the generic
frame F,, while (x,, y,, z,) represent its unit axes. Notice
that Fg is defined s.t. zg is orthogonal to and oriented into
the surface. Additionally, Fyy is defined s.t. zyy is aligned
with the gravity vector g € R3.

The position of the EE and of the body center of mass
(CoM) w.rt. Fp are represented by the vectors rp € R?
and reom € R3, respectively. We assume that the AM and
its EE are parts of a single rigid body, i.e., r7 and 7., are
constant.

We introduce the flight control factor A € {0,1}, where
the system can be i) in free flight and A = 0, or ii) in contact
with a surface and A = 1. In free flight the system’s motion is
unconstrained, while in contact, the EE can move only on a
plane defined by {xs,ys}. To define interaction constraints
according to the flight mode expressed by A\, we use the
following selection matrix that will later be employed in the
derivation of the dynamics:

S\ = Rgdiag (1,1,1 - \) R, (1)

where Rg € SO(3) represents the attitude of Fg w.r.t. Fyy.

The system mass and inertia w.r.t. Fp are denoted by
m € Ry and J € R2S?. Forces and torques acting on
the system include i) those produced by the actuators of the
aerial platform, f, € R? and 7, € R3, expressed in Fp,
ii) the contact force f. € R3, expressed in Fyy, iii) the
gravitational force mg, expressed in Fyy, iv) and general
disturbance forces and torques, Af € R3 and AT € R?,
expressed in Fyy and Fp, respectively.
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Since we are interested in controlling the pose of the
EE, we consider as configuration of the system the position
and orientation of the EE w.r.t. Fyy described by the vector
p € R3 and the quaternion g € H, respectively. Their time
derivatives, i.e., the linear and angular velocity w.r.t Fyy, are
given by the vectors v € R? and w € R3, expressed in Fyyr
and Fp, respectively. We can write the system dynamics
using the Newton-Euler equations:

p=S)w (2a)
v=8\(ap+ Rp(w xrr+wXxXw xry)) (2b)
.1 0
1=59® M (2¢)
w=J Y1y —w x (Jw) 4 Tecom X (REMG)
—_———
Tcom (Zd)
+ 77 x (ARLf.) +AT)
—_—————
ap =m~ (Rpfa+ M+ Af) +g. (2¢)

The actuation and disturbance forces f, and Af are
assumed to act directly on the geometric center, which results
in the body acceleration ap.

The matrix S implements the constraints imposed by the
contact with the surface. In particular, it truncates the linear
dynamics in (2a) and (2b) along zg (the surface normal
direction) if A = 1. Additionally, the contact force f. is
only considered in (2d) and it A=1.

III. CONTROL DESIGN
A. Overview

We aim to integrate and address the interaction effects
discussed in Section [I| by designing a controller with the
following properties:

(a) Hybrid tracking of the EE pose and contact force
according to a pose/force reference trajectory. The force
control should use a FT sensor for direct force feedback
compensating uncertainties and external disturbances.

(b) Autonomous transitioning between contact-less and
contact-based flight control, accounting for interaction
constraints affecting the system dynamics.

(c) Autonomous transitioning between static and dynamic
friction control.

(d) Incorporation of bounds on the dynamics and reference
to account for infeasible trajectories and inputs.

In order to achieve these properties, we use an MPC ap-
proach with a variable model and variable weights. Both the
model and the weights are dynamically updated according
to the current control mode. Figure [2| gives an overview of
the entire control structure.

B. Control modes

From practical and general friction model considerations,
we separate a push-and-slide interaction task into three
different control modes: 1) free flight, 2) stiction (i.e. static
force control), and 3) sliding (i.e. dynamic force control).

As we use a model-based controller, we would like to
integrate the knowledge about the current control mode.

IEEE International Conference on Robotics and Automation 2021
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Fig. 2. Control diagram.

Control mode A o Reference tracking
Free flight 0 N/A 3-DoF Position, Attitude
1
1

Static force control 0 2-DoF Position, Attitude, Force
Dynamic force control 1 2-DoF Position, Attitude, Force

TABLE 1.

Control modes as a result of the selection factors A and o.

Therefore, we will use both state and reference trajectory
information to change the model dynamics of the MPC as
well as the controller tuning.

With this aim, we introduce two selection factors, namely
A € [0,1] and o € [0,1], to distinguish these three modes.
The flight control factor A (already introduced in Section
represents the transition between contact-less and contact-
based flights. Additionally, we use the force control factor o
to represent the transition between stiction and sliding control
modes. In detail, the relation between control modes and
selection factors is the following:

« Free flight (FF), A = 0: the MAV moves in space, while
there is no interaction with the surface.

« Static force control (SFC), A = 1,0 = 0: the MAV is in
contact with the surface and the EE position is constant.
Notice that the orientation of the EE can change. The
interaction force stays in the friction cone of the EE.

e Dynamic force control (DFC), A = 1,0 = 1: the MAV
is in contact with the surface and the EE linear velocity
is non-zero. The orientation of the EE can change. In
this case, dynamic friction is acting on the EE.

Table [I] gives an overview of the available control modes and
which states are tracked accordingly.

The current control mode, i.e. the combination of A\ and o,
is determined by fusing state and reference trajectory infor-
mation. It is therefore not a direct result of the optimization,
but rather a condition that influences the optimization.

In order to create smooth transitions between the modes,
we will use a cosine step function that interpolates between
0 and 1 in a given range [z,T] C R:

lz,2,T) =1 1 (1—cos (;:fﬁ)) ifz<z<z. (3)
1 otherwise

For the remainder of this text, we use the superscript -" to
denote reference variables.

1) Computation of A: The calculation of the flight control
factor \ is done in a similar fashion as in [14] and depends
on the current contact force measurement, f.,, € R3, and

Preprint version, final version at http://ieeexplore.ieee.org/ 3

the position error projected onto the contact force reference,
ep € R, computed as:

(p_pr)' H;ZH’ if chT” >0
(p—p") - zs,

b otherwise @
We design A such that the current mode is detected as
interaction, if the magnitude of the measured contact force,
|| fe.m ||, is above a threshold f; mqee € R and if simultane-
ously the projected position error e, is below a threshold
ep,min € R. In any other case the mode defaults to being
in free flight. While in interaction, we intend to not track
the EE position in the surface normal direction. Therefore,
we use e, as trigger to detach from the surface once the
reference demands it.

In order to allow smooth transitions, we additionally use a
minimum force measurement and a maximum position error
threshold, f; min € R and e, mqe € R, respectively. We
therefore construct two auxiliary variables A\; € [0,1] and
Ae € [0, 1] which are later merged to compute .

)‘f =1 (”fc,mHa fc,mina fc,m(w:)

)\e =1-1 (epa E€p,min; ep,maz) .

&)

Based on the definition of Ay and A, the AM is in interaction
if both variables are 1. To avoid high noise in the evaluation
of this AND condition on continuous variables, we employ
a min function and apply a low-pass filter with gain a) €
[0, 1]. This results in the following relation for the selection
factor at time step k € Ny 4:

A = Ap—1 + a,\(min()\f, )\e) — >\k—1)- (6)

2) Computation of o: The force control factor ¢ differen-
tiates between static and dynamic force control, i.e. between
stiction and sliding friction. We use this distinction to enable
different tuning of the controller for different control modes.

We combine a simple assumption about stiction physics
and the current velocity reference to determine if the con-
troller should expect static or dynamic friction:

o If the friction force norm is below a certain threshold

f fomin € R, or
« if the norm of the reference velocity projected onto the
surface, is above a threshold vg ... € R,
then the control mode is DFC, otherwise it is SFC.

By following this approach, we assume that a friction
force below a threshold ff ,,;n indicates dynamic friction
(i.e. sliding), while a friction force estimate above a higher
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threshold ff mas € R indicates static friction (i.e. no lateral
movement possible).

Instead of estimating the friction force, we form a friction
force envelope f; € R to keep track of the recent maximal
friction force norm. This is implemented by applying a low-
pass filter with different rise and fall times to the projection
of the measured interaction force onto the surface:

fre = fre—1+apeAfrg, with
trises if Afpp >0

afr = { e f’. s Qrise > afan (7)
afy, otherwise

Afrr = ||diag (1,1,0) RS 1, fe.m.k

We use a high ay, € [0,1] to be responsive to increasing
friction forces and a low ag; € [0,1] to avoid too fast
transitions to DFC. That way, f; represents the friction force
envelope, i.e. an estimate of the highest achieved friction
force. Furthermore, we use the projected norm of the velocity
reference which is computed as:

| = fru—1.

V5 ., = ||diag (1,1,0) Rgv"||. (8)

As before, for the computation of o we rely on two auxiliary
variables o € [0,1] and o, € [0,1] computed as follows

of = 1-1 (ff7 ff,minv .ff,maa:)

— T T T
Oy = l (US,Iy’ US,min7 vS,maz) .

9

Since by its definition, ¢ is O if both o and o, are 0, and 1
otherwise, we use a max function and a low-pass filter with
gain a, € [0, 1] to compute the force control factor:

Ok = 0p—1 + ag(max(oy,0y) — op_1). (10)

C. Model Predictive Control

As a state vector, we use the force and torque generated
by the actuators, f, and 7,, the EE position p and velocity
v, as well as the body orientation g and angular velocity
w. The input vector is composed of the actuator force and
torque time derivatives, f, and 7,:

e=[f]

a

pl vl ¢ wT]T c X cRY
- T ] (11)

u:{ﬁ nq ceUCR.

The system dynamics employed in the MPC, defined by

Trt+1 = fr(xr, ur), include discretized equations (2a) to

ST

(2¢) and the relation [f, faT]T = Igu, where I,, €

R™*™ js the identity matrix of dimension m € Ny ,. The

receding horizon MPC problem is given by:

N-1

> (e (@ @p) I, + (e, up) I3, )
k=0

min
UQ,.- - UN -1
+ [|he (2N, 23) 5,
st. xp € X,up €U,

Tpp1 = fr(Tr, ur), =z = x(t),
/\k = /\(t)7 RS,k = RS(t)7 .fc,k = .fc,m(t)v
Afe=AF(1t), Am, = AF(t).

12)
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The disturbance estimates Af € R3 and A7 € R® are
obtained by a disturbance observer. The cost function is
composed of the cost vectors weighted norms with matrices
Q. € R Q, € RYSC, and Qn € R M. The cost
matrices @, and Q, are constant throughout the prediction
horizon. We formulate the cost vectors in a way to meet two
objectives simultaneously:

« Minimize the EE pose error;

« Minimize the force tracking error, if a reference force

is available and if contact with a surface is established.

The first objective is implemented by using cost terms on
the predicted pose and twist error at each time step of the
horizon. The attitude error is approximated in R? according
to [15]. The second objective is achieved by penalizing the
difference between the predicted contact force and the force
reference at the tip of the EE. The cost vectors are therefore
defined as:

€r.k
Pk — P,
v — vy,
Im(gx ® (g3)")
wi — wg

h,(x, x},) = eRP

(13)

ho(ug, ug) = Fak| ¢ RO,
_Ta,k
To compute the contact force error ez , we define a corrected
force reference fg € R3, whose computation will be detailed
in the next paragraph. The contact force error is then defined
as the difference between the contact force and the contact
force reference:
er. =mSxap — Rpfo—mg—Af —f..
fe

a) Force reference correction: We apply a contact
force reference correction with the following two objectives:
Firstly, in SFC, i.e. when the EE is not moving, we want the
measured contact force f.., to converge to the reference
force f!. In this case, we correct the reference force by the
current force tracking error. We use a proportional-integral
correction to avoid steady-state tracking offsets. Secondly,
in DFC, we do not apply this correction, as EE needs to
overcome static friction forces to track a position reference.
We differentiate between these two cases by introducing the
control-mode dependent matrix S, :

S, = A\;Rgdiag (1 — 0,1 — 0, \) R},

(14)

SO’ c RSXB
Je=fi+8Ss (Kp(fé' = fem) + K /(fc" - fc,m)dt) :
15)
b) Constraints on inputs and states: The sets of states
X and inputs U/ are constructed to limit actuator wrench and
its derivative similarly as in [11]. In this way, the MPC is
aware of the system’s physical constraints.
c¢) Dynamic updating of weight matrices: We de-
fine three independent weight matrices Qrr, Qsrc, and
Qprc € RY*15 and fuse them according to the current
control mode. The terminal stage weight Qx is computed
as the scaled version of the stage weight @), by the static

IEEE International Conference on Robotics and Automation 2021



gain ay € R, . The block-diagonal matrix Rg transforms
the axis-specific weight tuning from the surface frame into
the world frame.

Q.=(1-XNQrr

f _+  (16a)

+ARs((1 —0)Qsrc +0Qprc)Ryg,
QN =an - Q, with (16b)
Rg = blockdiag(Rs, Rs, Rgs, I3, I3). (16¢)

D. Disturbance observer

We employ the same EKF-based disturbance observer as
in [11]. Similarly to equations (&) to (2], it models the
AM as a rigid body with disturbance forces and torques
applied on Fp. For simplicity, the model does not include
interaction forces and no CoM offset. Therefore, its dy-
namics are driven by the commanded wrench, f, and 7,,
corrected by contact force and CoM torque offsets. We use
the measured body pose and twist as measurement vector

vg)m q., wT]T. The EKF state and

T
ZEKF = [PB,m m

input vector are then defined as
) . T
e=[p, of ¢ @' AfT A+T] , (173
UEKF =
fo+ REAfem

Ta + Tcom X (R;mg) +rr X (Rg)‘fqm) -
(17b)

E. Actuator allocation

The final rotor speed and tilt angle commands are com-
puted according to the allocation method presented in [16].

IV. EXPERIMENTS
A. Experimental setup

We use a custom built AM similar to the one in [11].
Its design can be seen in Fig. [T} The platform consists of a
body with 6 arms that each have 2 counter rotating propellers
mounted. Each arm can individually be rotated by servos to
allow for full 6-DOF wrench generation. A rigid carbon fiber
tube is attached horizontally to the body center. At its end,
a Rokubi FT senso is placed in between the tube and an
EE. The raw force measurements are filtered with a low-pass
filter and then applied directly in the MPC formulation and
in the EKF input (see (I7b). The body center comprises an
Intel NUC and a Pixhawk flight controller. State estimation
is performed by an EKF that fuses motion capture pose
measurements from a VICON system and onboard inertial
measurement unit (IMU) measurements. The AM is powered
through a ground-based power supplyﬂ whose lightweight
cable can be extended to 80 m, making it feasible for real-
world applications. The total mass of the system is 5.2kg.

We use a customary whiteboard as a contact surface, and
a rubber ball with a diameter of approx. 2cm as EE. Due
to its suspension by cables, the whiteboard is not entirely
rigid. Slight movements are regarded as disturbances in the
dynamic modeling. The rubber ball has shown to generate

Uhttps://www.botasys.com/rokubi
Zhttps://elistair.com/safe-t-tethered-drone-station/
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Relative weights es e, ep,, €p. €q
FF 0 0 1 1 1
SFC 1 1 0.1 0 1
DFC 0 1 0.25 0 1

TABLE II. Relative tuning weights for different control modes.

high stiction and friction forces, making sliding tasks more
difficult to control than low-friction EEs.

The MPC was implemented using the ACADO framework
[17] in Robot Operating System (ROS). The controller
computes control inputs at 100 Hz with an average MPC
solving time of 5ms. The MPC step size was chosen as
50ms with N = 20 steps, yielding a horizon length of 1s.

B. Experiments

Experiments are designed to evaluate the following char-
acteristics of the controller:

« Position tracking of the EE on the surface,

« interaction force tracking,

e autonomous transitioning between the control modes
and its effect on the tracking performance.

We use the following trajectory to evaluate these character-
istics: Starting in front of a surface, the reference trajec-
tory brings the EE in contact and commands a horizontal
translation of 0.8 m with a velocity of up to 0.6 ms~! while
applying a constant force of 3 N.

We compare the performance of our proposed MPC
against an impedance controller that employs a PI force-
feedback controller on the force measurements at the EE as
used in [14].

C. Controller and threshold tuning

The weight matrices were manually tuned for each con-
trol mode, balancing aggressive tracking that could lead to
slippage of the tool and too soft tracking that could lead to
stiction or to too large errors in attitude, resulting in the AM
touching the surface.

We use different weight tunings for the three control
modes as shown in Table [l Note that we apply different
weights on different axes in Fg, such that lateral and normal
errors are penalized differently.

The thresholds for the control mode transitions are tuned
as follows: To reliably detect contact with a surface, we
set feomin and fcomar to be well over the force sensor
noise, and with enough difference to allow a continuous
transition. In order to achieve continuous force control during
the movement on the surface, we set e, .min and ep maq
large enough to allow small position errors due to possible
irregularities in the surface shape.

The reference velocity thresholds vg ., and vg,,,,, are
set to small values, as we expect sliding friction for any
change in the reference position. The friction envelope
thresholds ff min and ff mas are set based on experiments,
such that they are larger than the friction force that we
measured during sliding experiments. They are therefore
dependent on the materials of the EE and the surface, as
well as on the desired contact force.

IEEE International Conference on Robotics and Automation 2021



The friction force is filtered according to (7) with ayise =
0.05 and agy = 0.0005. Throughout all presented experi-
ments, we used the tuning values as shown in Table

Threshold  f. [N] ep [m] ff [N] g [m s~ 1]

“min 14 0.1 2.0 0.005

“maz 1.6 0.15 4.0 0.01
TABLE III. Threshold tuning for mode transitions.

During preliminary experimental testing, we found that
the use of the contact force measurement in the angular
dynamics equation Eq. (2d) led to instabilities. We therefore
removed the explicit computation of the contact torque 7,
from the system dynamics and the disturbance observer input
Eq. (I7b). As a consequence, its influence is captured by
the disturbance estimate A7 only. We assume that biases in
the FT measurements, multiplied with the distance of the
EE from the body center, lead to quickly varying torque
compensation terms that destabilize the system.

D. Results

Figure [3] shows the position and force tracking during
the sliding trajectory with a reference normal force of 3N
for both MPC and impedance controller. Additionally, the
bottom plot shows the selection factors that trigger the
transitions between control modes.

While the impedance controller shows good accuracy in
position tracking, the sudden impact onto the surface and
high friction forces during the translation lead to multiple
detachments (at 12s) and unsteady contact force tracking.

The position tracking of the MPC shows that the EE
overshoots the reference position after the translation, but
then remains stable at the reached destination. We see the
delay in the estimated disturbance torque as the main reason
for the inaccurate position tracking. Nevertheless, the MPC
is able to generate a smooth transition between free flight
and contact, without creating force spikes. The flight control
factor A correctly tracks the transitions between FF and
interaction control. Once the EE is in contact with the
surface, the transition of A from O to 1 enables the force
tracking and disables the position tracking along the surface
normal. Since the lateral friction force does not grow large
enough to reach f; .y, the controller remains in DFC.

In Fig.[] we repeated the sliding experiment with a higher
force reference of 5N. This resulted in a higher friction
force, which triggered the transition from DFC to SFC after
finishing the second translation. Under the influence of these
high friction forces, DFC can lead to instabilities as a result
of too aggressive lateral position tracking. On the other hand,
SFEC prioritizes force tracking in all directions and puts less
emphasis on lateral position tracking, therefore stabilizing
the AM after finishing the trajectory.

V. CONCLUSION

We presented an NMPC framework that considers the
dynamics of an AM in free flight and two different force
interaction modes to optimize the control inputs. Different
control modes are used to change the tuning of the MPC
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the reference position and force. Vertical dashed lines indicate the different
interaction modes: before (a): free flight, (a)-(b): static interaction, (b)-(c):
dynamic interaction, after (c): static interaction. The bottom plot shows the
selection factors A and o.
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Fig. 4. Selection factors for sliding force tracking with || fZ|| = 5N.

weights as well as the constraints on the system dynam-
ics. The controller autonomously transitions between these
different modes based on the reference trajectory and state
estimates. The use of a FT sensor allows for direct force con-
trol at the EE. Push-and-slide experiments with high friction
coefficients have validated the transitioning between control
modes as well as accurate normal force tracking, showing
improvements with respect to the impedance controller. Non-
linear friction behaviours due to stiction remain a difficult
challenge that needs to be tackled in the future. This would
enable sliding interaction tasks with higher required normal
forces. While experiments have been performed with high
accuracy pose tracking provided by VICON, in real-world
applications, we will investigate the use of onboard Visual-
Inertial Odometry in combination with GPS to estimate the
AM’s relative pose to its environment.
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