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Abstract— This work addresses the interaction control problem
of a fully actuated aerial vehicle considered as a flying end-effector.
We tackle the problem using geometrically consistent variable-
stiffness impedance control for safe wrench regulation using the
concept of energy tanks, where both the modeling and the control
are carried out in the port Hamiltonian framework. We exploit
previous well-known results in the literature of ground manipula-
tors and extend them to be applied for novel and challenging aerial
physical interaction with a focus on quasi-static applications. The
energy-awareness of the presented control method guarantees the
stability of the aerial robot in both free-flight and in-contact sce-
narios together with a level of safety in the case of contact-loss with
the unknown environment. Furthermore, by utilizing bond graphs
we demonstrate how the closed-loop passivity can be graphically
conducted. The validity of our proposed approach is shown via
several experiments. We also provide several insights on how the
proposed framework could be extended to a generic dynamic aerial
physical interaction.

Index Terms—Aerial physical interaction, energy-aware
robotics, energy-tanks, impedance control, port-Hamiltonian
systems.
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I. INTRODUCTION

IN RECENT years, there has been an exploding interest
within the aerial robotics community for extending the cur-

rent applications of multirotor aerial vehicles (MAVs) to those
that require aerial physical interaction. Most of the currently
successful applications are exploiting MAVs to only observe
the environment and sense it remotely. However, there have been
many research efforts in the past two decades to enable MAVs
to physically interact with their environment, and thus, act as
flying manipulators instead of flying sensors.

Enticed by the numerous potential applications of flying
manipulators, many research groups and civilian companies
have contributed to advancing the field of aerial physical in-
teraction. Consequently, many synergies have been established
worldwide in the past years with the aim of creating fly-
ing manipulators, such as the EU projects: AIROBOTS, AR-
CAS, AEROWORKS, AEROARMS, AEROBI, SPECTORS,
HYFLIERS, and AERIAL-CORE, to mention a few.

One common approach for realizing a flying-manipulator is
the use of fully actuated MAVs that have nonparallel propellers
allowing for controlling all six degrees of freedom of the aerial
robot. In this physical interaction paradigm, the MAV itself is
considered as a flying end-effector, which can interact with its
environment [1]. Compared to other approaches in the literature,
such as endowing a conventional MAV with a robotic manipu-
lator arm, as in [2], [3], a flying end-effector is mechanically
simpler, more robust, and capable of applying higher lateral
forces.

In this work, we focus on the design of a control system suit-
able for aerial physical interaction using a flying end-effector.
Compared to the motion controllers widely used for MAVs, the
design of an interaction controller is fundamentally different and
has numerous challenges. First, the primary control objective for
conventional MAVs is to achieve stability in free-flight and to
reject external disturbances to maximize performance. However
for a flying end-effector, in addition to free-flight stability, it
should be able to interact with and exert force on an unknown
environment in a stable manner.

Second, the closed-loop stability of a flying end-effector phys-
ically interacting with its environment depends on the dynamics
of the aerial robot’s physics, its controller, as well as the environ-
ment. In general, the overall system dynamics are unknown and
could also be discontinuous in an interaction scenario with con-
tact/noncontact situations. Therefore, the environment should
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be part of the stability analysis conducted during contact. In the
traditional framework of analyzing the closed-loop dynamical
system as an isolated closed system, certain assumptions are
made to incorporate a model of the environment, such as using
linear springs and dampers. However, such unrealistic and sim-
plistic models only guarantee contact stability for very specific
and limited types of real environments.

Third, the traditional framework of modeling a dynamical
system using block diagrams, based on unilateral signals, is not
suitable for modeling and control of a flying end-effector. In
free-flight operation, the output signal of the robot is considered
as its pose (i.e., combined position and orientation), which is
regulated by a pose controller, whereas in contact operation,
the pose of the robot can no longer be controlled, as it is con-
strained by the environment. Moreover, if an additional wrench
(i.e., combined force and torque) controller is used to regulate
the interaction wrench between the robot and the environment
during contact, such wrench can no longer be regulated once the
robot loses contact and is in a free-flight situation. Therefore,
hybrid pose-wrench control techniques, e.g., [4], are ill-suited
for interactive aerial robots as they require perfect knowledge
of the environment and the occurrence of contact, which is not
practical for unstructured and unknown environments. Due to the
aforementioned challenges, a different paradigm for modeling,
analysis, and control is needed for this class of aerial robots.

In this work, we address the aerial physical interaction prob-
lem using the port-Hamiltonian paradigm, where the flying end-
effector is modeled as an open system that can be interconnected
to any environment via a power port. By designing controllers
that guarantee that the closed loop system fulfills certain require-
ments as seen from this environment port, the contact stability
can be asserted independently of any environment model [5].
Thus, we do not aim to either control the pose or wrench of the
robot, but rather its behavior [6]. In the field of robotics, these
issues have been first addressed in some seminal works [7]–[9],
which led to the widely used impedance control methodology.
The port-based framework was an essential ingredient used
in those works in order to formalize the proposed control
methodology.

A general limitation of basic impedance control strategies
is that to apply a specific desired interaction wrench, without
feedback of the latter, a priori knowledge of the contact target’s
geometrical and mechanical properties is required. However,
such knowledge is difficult to acquire in practice and, in fact,
this contradicts the key advantage of impedance control to work
in uncertain environments. A solution for the aforementioned
drawback is to utilize information about the interaction wrench,
either using force/torque measurements or model-based estima-
tion, for modulating the stiffness of the impedance controller
in order to regulate the interaction wrench to a desired value.
However, the interaction wrench regulation comes at the cost
of violating the passivity of the closed-loop system and, as a
consequence, the contact stability is no longer guaranteed.

Another challenge of impedance control, that is usually over-
seen in the literature, is that the controller should respect the
geometric-structure underlying the configuration space of the

robot, which in this case is the special Euclidean group SE(3).
Such geometric-consistency is achieved by designing the stiff-
ness and damping parts of the controller to mimic the properties
of idealized spatial mechanical springs and dampers [10]. Such
considerations lead to what is known as spatial or geometric
impedance control [11], [12].

In this article, we present an energy-aware impedance control
approach for aerial physical interaction in the port-Hamiltonian
framework. Our objective is to enhance the basic geometric
impedance control approach with wrench regulation capabilities
by modulating the stiffness of the spatial springs of the controller.
By an analysis of the wrench-regulation error dynamics we
prove its convergence for quasi-static interaction tasks. In order
to guarantee contact stability and safe interaction, we extend
the variable-impedance controller using the concepts of energy
tanks and energy routing.

The intuitive idea of an energy-tank, first proposed in [13], is
that it stores the energy dissipated by the control system and uses
it to implement control actions that could violate the passivity
of the closed-loop system, for instance the regulation of the
interaction wrench in our case. On top of that, energy tanks
allow the energy flow within the system to be observed and used
for embedding high-level control objectives, such as safety, thus
the controller becomes more energy-aware [5]

A unique feature of our presented port-Hamiltonian controller
is that it relies on the control-by-interconnection principle in
which the control system is designed and treated as a virtual
physical system connected to the actual physical robot via
power-ports. Furthermore, the controller itself will be con-
structed as a network of energetic subsystems interconnected
to each other in a power-preserving manner. The first advantage
of this modular control-by-interconnection approach is that the
designer can physically interpret the control system which in
turn greatly simplifies the tuning process of its design parame-
ters. Second, using the intuitive fact that two passive systems
connected by a power-preserving interconnection is again a
passive system, the stability analysis of the overall closed loop
system can be divided into simpler passivity checks of each
energetic subsystem [14]. Third, such approach differentiates
between energetic modules and signal processing modules,
where the latter are characterized by the fact that they do not
alter the energy content of the system but affect its distribu-
tion. Thus, the passivity properties of the overall closed-loop
system is unaffected by changing these modules which pro-
vides an extra level of modularity to enhance the performance
of our proposed energy-aware controller by upgrading these
modules.

The specific contributions of this article are as follows.
1) Augment the geometric impedance controller with the

ability to regulate the interaction wrench by modulating
the stiffness in a geometrically consistent manner and
analyzing the resulting wrench-regulation error dynamics.

2) Guarantee the contact stability of the controller with
any conceivable passive environment using virtual energy
tanks and energy routing independent of the stiffness
modulation and wrench estimation algorithms used.
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3) Exploit bond graphs as a natural graphical representation
of port-Hamiltonian system for conducting the closed-
loop system’s passivity analysis just by inspection, elimi-
nating lengthy calculations needed for the analytical study
of passivity of interactive robots.

4) Develop a high-level algorithm that utilizes the energy-
awareness of the controller to guarantee safe interaction
through detection of contact-loss situations.

5) Validate the proposed control system in a campaign of
simulations and experiments on a fully actuated MAV.

The rest of this article is organized as follows: Section II
contextualizes our work in the literature panorama compared
to related state-of-the-art works. Section III presents the in-
terpretation of an impedance controlled flying end-effector as
the interconnection of several port-Hamiltonian subsystems. In
Section IV, we present how the basic impedance controller can
be augmented with wrench regulation capabilities by varying
the stiffness of the controller and show how this comes at the
cost of losing the passivity of the closed-loop system. Section V
presents the details of the energy-aware impedance controller
that allows the implementation of the wrench regulation without
violating the passivity of the system. Section VI presents an
extension to the energy-tank-based controller that allows achiev-
ing a higher level of safety during interaction applications with
potential contact-loss. We present extensive validation results
of the proposed controller in Section VII, and discuss some
key-aspects of our control methodology in Section VIII. Finally,
Section IX concludes this article.

II. RELATED WORKS

In this section, we present a number of related works in
the aerial robotics and ground manipulators literature. For an
introduction to the subject, see [10] for the topic of interaction
using ground-based manipulators, [15] for a review of fully
actuated multirotor vehicles, and [2] for a review of interaction
using aerial manipulators.

A. Interaction Control of Ground-Manipulators

The basic geometric impedance controller underlying our
work is based on the work of [11] and [16], developed in
the Lagrange formalism for rigid serial manipulators, and the
work of [12], developed in the port-Hamiltonian formalism for
robotic grasping applications. In our previous work [17], we have
shown that the geometric impedance controller of [11], [12], and
[16] can be derived systematically using the energy-balancing
passivity-based control (EB-PBC) technique for the class of
flying end-effectors we are considering here.

In our current article, we use the constant impedance con-
troller of [17] as the baseline controller that is augmented
with stiffness modulation and energy tanks for regulating the
interaction wrench. First, in Section III, we reformulate this
baseline controller as a network of several port-Hamiltonian
subsystems interconnected together. We also show this network-
interpretation and its bond graph representation allows proving
the system’s passivity, recovering the results of [17]. In our work
we demonstrate how to use bond graphs as an assisting tool for

control design of interactive robotic systems using the energetic
decomposition of the system that is naturally encoded in such
graphs.

B. Energy-Tanks Augmentation

The use of energy tanks for interaction control of ground
manipulators has increased in recent years. In most cases, they
are employed to passivize an otherwise nonpassive control sys-
tem. In [18], an energy tank is used to ensure passivity after a
signal-based control loop is added to the impedance controller
for regulating the interaction force. In [19] and [20], variable
stiffness impedance control is used to deal with varying tissue
stiffness during a surgical needle insertion task by a robotic
manipulator, where it is shown how varying the stiffness would
normally cause unstable behavior due to the loss of passivity.

There have been two different approaches in which energy-
tanks have been implemented in the literature; a signal-based
approach and a port-based approach. Examples of purely signal-
based implementations on the one hand can be found in [18] as
well as a primitive version of our current work [21]. Although,
from a theoretical point of view, this signal-based approach suc-
ceeds in restoring the closed-loop system’s passivity, it prevents
the full benefits of the port-based approach to be reaped, such as
the intuitive and straightforward analysis of energy flows within
the system. Alternatively, the work of [22] and [23] have shown
how port-based implementations can be realized. In such an ap-
proach, that we adopt in our work, the energy tank is considered
as a part of the virtual physical system connected through power
ports and power-continuous structures. This guarantees power
continuity, and forces the designer to explicitly consider the flow
of energy within the system which is necessary to conceptually
understand the principles behind energy-tanks and their added
value.

In particular, in contrast to our previous work [21], the energy
routing and energy tank as well as the wrench regulation modules
are fundamentally different. In [21], the wrench observer was
included in the overall port-Hamiltonian model as a dynamical
system. On the other hand, our current formulation results in
a decoupled treatment of the wrench observer dynamics as a
signal-processing module. Consequently, our proposed energy-
aware impedance controller is truly modular with respect to the
algorithm used to estimate the interaction wrench. Furthermore,
thanks to the port-based formulation in our current work, the
energy tank behavior during overflow (i.e., when the tank level
reaches its user-specified limit) is correctly implemented by
means of an overflow valve and sink that were not present
in [21] as well as in [18]. Finally, the wrench regulation was
achieved in [21] using a parallel wrench-control law in, whereas
in this work we use a geometrically consistent modulation of the
impedance controller’s stiffness.

Next to passivity, energy tanks have also been used to im-
plement high-level energy-aware control objectives. In order to
achieve generally safe behavior of a robotic system in the vicinity
of humans, the authors in [23]–[25] presented energy-tank-based
approaches that limit the total energy in the system and the
power injected into the robot by the controller. In contrast to
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the standard impedance controller used in [23] and [24], our
work focuses on the safety issues that arise when this interaction
wrench is being regulated.

In [18], it is discussed how the application of significant in-
teraction forces to the environment may lead to unsafe behavior
even with passivity guaranteed, in case of an unexpected loss
of contact with this environment. Thus, a solution to this safety
problem is suggested in [18] based on a signal-based approach
that compares the direction of the desired force “vector” and the
relative displacement “vector” of the end-effector’s position and
the desired virtual position. In our work, we propose a different
method for dealing with potential contact-loss when regulating
the interaction wrench, detailed in Section VI. In short, our
proposed approach detects contact loss by monitoring the energy
that is drawn from the energy tank. Subsequently, the algorithm
responds by altering the behavior of the energy tank which is
augmented with virtual valves on the power port connecting it
to the system. Such energy-based solution fits within the general
framework proposed in [25] of using energy tanks for embedding
high-level control objectives.

In contrast to the contact-loss stabilization technique of [18],
our method monitors just one single state, i.e., the energy stored
in the virtual tank, as opposed to a robot’s position and orienta-
tion. Therefore, safety restrictions can be defined more abstractly
for a wider variety of tasks and environments and will allow an
earlier detection of the contact-loss.

C. Interaction Control of Flying-Manipulators

In the context of aerial robotics, several hybrid pose/wrench
control methods have been proposed in the literature includ-
ing [4], [26], and [27]. However, as mentioned in Section I,
such signal-based controllers are considered less suited for
physical interaction due to their need for accurate models of
the environment in order to guarantee contact stability.

Indirect force control techniques, such as impedance and
admittance control, are more appropriate for interaction with
unmodeled environments. Mersha et al. [28] presented a variable
impedance controller for aerial interaction of a quadrotor. A
force regulator is implemented as an outer loop of the variable
impedance controller. The external force is estimated by the po-
sition information and stiffness of the environment, which is as-
sumed to be a linear spring. In [29], a physical-virtual impedance
controller was implemented by incorporating a compliant
robotic arm with a multirotor platform. In [1], an admittance
controller with an external wrench observer was implemented
on a fully actuated hexarotor platform, similar to the platform
we use in our work. Their approach relied on the geometric tra-
jectory tracking controller introduced by [30], in which the con-
trollers for the rotational and translational dynamics are designed
separately.

In contrast to our proposed framework, the approach followed
in [1] lacks consistency in respecting the geometric structure
of the configuration space SE(3). Controllers designed in this
manner have been shown to be noninvariant to coordinate
changes [31]. Such geometric inconsistency could lead to many
practical problems particularly for robots interacting with the
environment [10].

In recent years, there has been an increasing interest in
port-Hamiltonian control approaches. The first use of port-based
modeling and control concepts in the aerial robotics literature
was in [32], where stabilization and tracking controllers were
derived for generic underactuated vehicles and simulated for
a ducted-fan UAV. Although the controllers were designed by
standard passivity-based techniques, the presented approach
included compensation of the MAV dynamics, nonpassive pro-
jection, and added robustness by using integral action, which
destroyed the passivity of the motion controller. The authors
in [33] and [34] used the interconnection and damping assign-
ment PBC (IDA-PBC) approach for the decentralized control
of a quadrotor/manipulator system. The approach was validated
through some free-flight simulations.

III. CONTROL-BY-INTERCONNECTION INTERPRETATION

In this section, we will present the port-Hamiltonian formu-
lation of the flying end-effector’s dynamics augmented with a
geometric constant impedance controller. In this representation,
the impedance controller derived in [17] via EB-PBC will be
reformulated in the control-by-interconnection approach by in-
terpreting the controller as a network of energetic subsystems
interconnected via power ports. First, we start by presenting the
port-Hamiltonian equations of motion of the flying end-effector
formulated using the Lie group approach using the special
Euclidean group SE(3) as its configuration space. The reader is
referred to [35] for an introduction to the geometric formulation
of rigid-body dynamics in the context of aerial robotics.

A. Flying End-Effector

In our work. we consider the flying end-effector to be a fully
actuated MAV consisting of a single rigid body that is connected
to a number of propellers via revolute joints activated by electric
motors. For control purposes, it is common to neglect the electric
and mechanical dynamics of the MAV’s propellers, which is
a valid assumption because they change at a faster time scale
compared to the dynamics of the MAV’s main body.

Let {ΨI : oI , x̂I , ŷI , ẑI} denote a right-handed orthonormal
inertial frame and {ΨB : oB , x̂B , ŷB , ẑB} denote the body-
fixed frame attached at an arbitrary orientation to the center of
mass of the MAV’s body. The state of the MAV is defined by
the pair (HI

B,P B), where HI
B ∈ SE(3) denotes the relative

pose of ΨB with respect to ΨI and P B ∈ (R6)∗ denotes the
generalized momentum1 of the MAV expressed in ΨB . We have
that P B := IT B,I

B with I ∈ R6×6 denoting the generalized
inertia tensor of the body and T B,I

B ∈ R6 denoting the body’s
twist (i.e., generalized velocity).

The equations of motion of the flying end-effector are then
given by the Euler–Poincare equations [36], [37]

ḢI
B = HI

BT̃
B,I
B (1)

Ṗ B = Jk(P B)I−1P B +W B
g +W B

c +W B
int (2)

1Although (Rn)∗ ∼= Rn for all n, we denote in our work the space of
generalized momenta and wrenches by (R6)∗ to stress their covector nature
which is crucial to consider when changing coordinates later.
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TABLE I
NOMENCLATURE

where W B
g ,W B

c ,W B
int ∈ (R6)∗ denote the wrench applied to

the MAV due to gravity, controlled propellers, and interaction
with the environment, respectively. Further, the skew-symmetric
matrix Jk(P B) ∈ R6×6 is defined as

Jk(P B) :=

(
P̃ω P̃ v

P̃ v 0

)
, P B =

(
Pω

P v

)
∈ (R6)∗. (3)

A summary of all notations in (1)–(3) can be found in Table I.
In terms of the individual rotational and translational com-

ponents of the physical quantities mentioned above, the Euler–
Poincare equations (1)–(3) are equivalent to the more common
dynamic equations

ṘI
B = RI

Bω̃
B,I
B , ξ̇I

B = RI
Bv

B,I
B (4)

Jω̇B,I
B = − ω̃B,I

B JωB,I
B + τB

c + τB
int (5)

mv̇B,I
B = −mω̃B,I

B vB,I
B + fB

g + fB
c + fB

int (6)

where all symbols are defined in Table I.
The MAV’s equations of motion (1)–(3) can be reformulated

in the port-Hamiltonian framework as the explicit dynamical
system [6], [38]

ḢI
B = χHI

B
(∂PBH) (7)

Ṗ B = −χ∗
HI

B
(∂HI

B
H) + Jk(P B)∂PBH+W B

c +W B
int (8)

where the Hamiltonian H(x) is given by the sum of kinetic and
gravitational potential energy of the MAV, i.e.,

H(x) = Hk(P B) +Hg(HI
B)

=
1

2
(P B)�I−1P B +m(ξI

B)
�g (9)

with g ∈ R3 denoting (minus) the direction of the gravita-
tional acceleration in the inertial frame ΨI . We denote by
∂PBH and ∂HI

B
H the partial differentiation of the function

Fig. 1. Port-based representation of the aerial robot’s port-Hamiltonian model
connected to its controller and the environment via power ports characterizing the
energy exchange between them.The legend shows the block-diagram equivalent
of a C-element and a power-port (bond) with its two possible causalities.

H with respect to P B and HI
B, respectively. We also have

that ∂PBH = I−1P B = T B,I
B . For any H ∈ SE(3), the map

χH : R6 → THSE(3) is defined as χH (T ) := HT̃ , for any
T ∈ R6, whereas χ∗

H : T ∗
HSE(3) → (R6)∗ is the dual map of

χH .
Remark 1: Note that in the port-Hamiltonian formulation (8)

the first term on the right-hand side corresponds to the gravity
wrench W B

g in (2), which simply represents the wrench due to
gravity as minus the gradient of a potential function. In such
abstract representation, we do not need an explicit expression
for the covector ∂HI

B
H and the map χ∗

HI
B

. The resulting gravity
wrench can be calculated by a procedure detailed in [38, Ch. 4].
The same formulation will be also used later for representing the
wrench due to a geometric 6-D spring used for the impedance
control.

The explicit port-Hamiltonian system (7) and (8) can be also
represented in an implicit form as depicted in Fig. 1 showing the
aerial robot’s model as an open dynamical system interacting
with its controller and the environment via power ports. The
aerial robot’s implicit port-Hamiltonian model consists of

1) an energy storage C-element that characterizes the kinetic
energy and gravitational potential energy of the robot; and

2) a Dirac structure DRB that characterizes the exchange of
energy between the robot and the external world including
the impedance controller and the environment.

With reference to Fig. 1, the energy storage element has a
state variable x := (HI

B,P B) ∈ SE(3)× (R6)∗ and its corre-
sponding flow and effort variables are given, respectively, by

ẋ =

(
ḢI

B

Ṗ B

)
∈ THI

B
SE(3)× (R6)∗

∂xH =

(
∂HI

B
H

∂PBH

)
∈ T ∗

HI
B
SE(3)× R6.

The Dirac structure DRB is defined as the relation corresponding
to the skew-symmetric map⎛
⎜⎜⎜⎝
−ḢI

B

−Ṗ B

T B,I
B

T B,I
B

⎞
⎟⎟⎟⎠=

⎛
⎜⎜⎜⎜⎝

0 −χHI
B

0 0

χ∗
HI

B
−Jk(P B) −I6 −I6

0 I6 0 0

0 I6 0 0

⎞
⎟⎟⎟⎟⎠
⎛
⎜⎜⎜⎝
∂HI

B
H

∂PBH
W B

c

W B
int

⎞
⎟⎟⎟⎠ .

(10)
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The Dirac structure DRB encodes the energy balance given by

Ḣg + Ḣk = (W B
c )

�T B,I
B + (W B

int)
�T B,I

B (11)

which simply states that the rate of change in the total energy
H = Hg +Hk stored by the MAV along solutions of the dynam-
ical system represented in (10) is equal to the power supplied
by the controller and the environment, as illustrated in the bond
graph of Fig. 1.

Remark 2: A general finite-dimensional Dirac structure is
defined mathematically as the subspace D ⊂ F ×F∗ such that
any element (e, f) ∈ D satisfies the property 〈e|f〉 = 0, where
〈·|·〉 : F∗ × F → R denote the duality product of the finite-
dimensional vector space F . See [39] for more details.

It is useful to describe the interaction between the robot and
the environment in a frameΨT fixed to the target to be physically
contacted by the aerial robot. The robot’s body twist T B,I

B and
the interaction wrench applied to the robot W B

int are related to
their counterparts in the target frameΨT by the skew-symmetric
map (

W B
int

T T ,B
I

)
=

(
0 Ad�

HT
B

−AdHT
B

0

)(
T B,I

B

W T
int

)
(12)

where for any H ∈ SE(3) the matrix AdH ∈ R6×6 corre-
sponds to the adjoint map of the Lie group SE(3) and is defined
by

AdH =

(
R 0

ξ̃R R

)
, H =

(
R ξ

0 1

)
. (13)

Note that the difference in transforming coordinates of twists
compared to wrenches is due to their different tensorial natures.
The Dirac structure Denv, given by the relation corresponding to
the map (12), states that the power supplied by the environment
to the aerial robot is equivalent to minus the power supplied by
the robot to the environment, i.e.,

(W B
int)

�T B,I
B = −(W T

int)
�T T ,B

I . (14)

B. Impedance Controller

Now we turn attention to the impedance controller subsystem
in Fig. 1, which serves as the basic module within our proposed
control system detailed in Section V. We will present in this sec-
tion the control-by-interconnection interpretation of the constant
impedance controller derived in [17].

With reference to Fig. 2, the impedance controller emulates
a virtual spring and a virtual damper attached to the aerial
robot with the gravity being compensated by the controller. The
virtual spring is connected between the center of stiffness frame
ΨCS (placed at the robot’s end effector frame ΨE) and the
desired frame ΨD. Whereas, the virtual damper is connected
between the robot’s body frame ΨB and the inertial frame ΨI

for asymptotically stabilizing the system.
1) Virtual Spring: A virtual spring with constant stiffness is

represented in the port-Hamiltonian framework by the combi-
nation of an energy storage element and a transformation, as
shown in Fig. 3. The energy storage element, denoted by C, is
characterized by the state variableHD

CS ∈ SE(3) and the elastic

Fig. 2. Control-by-interconnection interpretation of the impedance controller
as a virtual spring and a virtual damper attached to the aerial robot with gravity-
compensation.

Fig. 3. Port-based representation of the impedance controller as a number of
energetic subsystems. The legend shows the block-diagram equivalent of the
MTF- and R-elements with A∗ denoting the dual of the map A.

potential energy Hamiltonian Hp : SE(3) → R given by

Hp(HD
CS) = − tr(Go(RD

CS − I3)) +
1

4
(ξD

CS)
�KtξD

CS

+
1

4
(ξD

CS)
�RD

CSKt(RD
CS)

�ξD
CS (15)

where Kt ∈ R3×3 is the constant translation stiffness ma-
trix, Go ∈ R3×3 is the constant orientation co-stiffness ma-
trix, and RD

CS ∈ SO(3) and ξD
CS ∈ R3 are the rotation and

translation components of HD
CS ∈ SE(3). The flow and effort

variables of the storage element are given, respectively, by
ḢD

CS ∈ THD
CS
SE(3) and ∂HD

CS
Hp ∈ T ∗

HD
CS
SE(3), with their

dual product corresponding to the rate of change of energy
stored, i.e.,

Ḣp =
〈
∂HD

CS
Hp

∣∣∣ ḢD
CS

〉
SE

. (16)

The modulated transformer MTF implements the map(
ḢD

CS

W CS
spr

)
=

(
0 χHD

CS

χ∗
HD

CS
0

)(
∂HD

CS
Hp

T CS,D
CS

)
(17)

where the first equation corresponds to the kinematics relation
between ḢD

CS and T CS,D
CS ∈ R6 which is the relative twist be-

tween the two ends of the spring (i.e.,ΨCS andΨD). The second
equation in (17) relates the differential of the potential function
(15) to W CS

spr ∈ (R6)∗ which corresponds to the wrench applied
to the spring by the body it is attached to at ΨCS (i.e., the aerial
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robot). The exact expression of the wrench is given by [17]

W CS
spr =

(
τCS

spr

fCS
spr

)
(18)

τ̃CS
spr = 2sk(GoRD

CS) + sk(GtRCS
D ξ̃D

CSξ̃D
CSRD

CS) (19)

f̃
CS

spr = RCS
D sk(Gtξ̃D

CS)RD
CS + sk(GtRCS

D ξ̃D
CSRD

CS). (20)

where sk(A) denotes the skew-symmetric part of the matrixA ∈
R3×, τ̃CS

spr , f̃
CS

spr ∈ so∗(3) are the skew-symmetric matrix coun-

terparts of the covectors τCS
spr ,f

CS
spr ∈ (R3)∗, and Gt ∈ R3×3 is

called the translation co-stiffness matrix which is related to the
stiffness matrixKt byGt =

1
2 tr(Kt)I3 −Kt.Note that while

the stiffness gains are more intuitive for tuning the controller, the
costiffness matrix appears recurrently in its analysis. See [16]
for more details.

Using (17), one can rewrite the energy balance (16) as

Ḣp =
〈
∂HD

CS
Hp

∣∣∣χHD
CS

(T CS,D
CS )

〉
SE

=
〈
χ∗
HD

CS
(∂HD

CS
Hp)

∣∣∣T CS,D
CS

〉
R6

= (W CS
spr )

�T CS,D
CS .

(21)

2) Gravity Compensation: Similar to the virtual spring, the
gravity compensation is also represented by a combination of an
energy storage element and a transformation, as shown in Fig. 3.
The storage element is characterized by the state HI

B ∈ SE(3)
and minus the gravitational potential energy Hamiltonian−Hg :
SE(3) → R given by

−Hg(HI
B) = −m(ξI

B)
�g. (22)

The rate of change of the stored energy is given by

−Ḣg =
〈
−∂HI

B
Hg

∣∣∣ ḢI
B

〉
SE

(23)

where ḢI
B ∈ THI

B
SE(3) and −∂HI

B
Hg ∈ T ∗

HI
B
SE(3) are the

flow and effort variables of the energy storage element, re-
spectively. The modulated transformer associated to the storage
element implements the map(

ḢI
B

W B
g

)
=

(
0 χHI

B

χ∗
HI

B
0

)(
−∂HI

B
Hg

T B,I
B

)
(24)

where the first equation is a kinematics relation and the second
corresponds to the wrench W B

g ∈ (R6)∗ applied to the aerial
robot due to gravity, and T B,I

B ∈ R6 is the robot’s body twist.
Similar to (21), one can rewrite the energy balance (23) as

−Ḣg = (W B
g )

�T B,I
B . (25)

3) Virtual Damper: The virtual damper is represented in the
bond graph of Fig. 3 by an energy dissipation element, denoted
by R, which is characterized by the static relation between its
flow T B,I

B ∈ R6 and effort W B
dmp ∈ (R6)∗ defined as

W B
dmp = KdT B,I

B (26)

where Kd ∈ R6×6 is a symmetric positive semidefinite matrix.
This static relation implies that power always flows toward the

dissipation element, i.e.,〈
W B

dmp

∣∣T B,I
B

〉
R6 = (T B,I

B )�KdT B,I
B ≥ 0 (27)

which represents the “free energy” dissipated by the controller
emulating a virtual damper.

4) External Power Ports: The impedance controller depicted
in Fig. 3 has two power ports that are open for interconnection
to external systems. The first port (W B

c ,T
B,I
B ) characterizes the

power supplied to the aerial robot for control. The causality of
this port is such that the body twist T B,I

B is directed from the
aerial robot to the impedance controller, whereas the control
wrench W B

c is directed from the impedance controller to the
aerial robot.

The second port (WD
spr,T

D,I
D ) characterizes the power flow-

ing between the impedance controller and the entity connected to
the virtual desired frameΨD. This entity should provide the twist
ofΨD with respect toΨI as an input to the impedance controller,
which in our case is a trajectory or set-point generation algo-
rithm. However, it is important to note that changing the desired
virtual set-point affects the energy stored of the controller as a
dynamical system. This can be clearly seen in Fig. 2 since ΨD

corresponds to one end of the virtual spring. Thus, changing the
virtual set-point will affect the closed-loop system’s passivity,
as will be discussed later.

5) Dirac Structure: Central to the control-by-
interconnection interpretation of the impedance controller
in Fig. 3 is the Dirac structure Dimp given by the relation
corresponding to the skew-symmetric map⎛

⎜⎜⎜⎜⎜⎜⎝

T CS,D
CS

T B,I
B

T B,I
B

WD
spr

W B
c

⎞
⎟⎟⎟⎟⎟⎟⎠ = Jimp

⎛
⎜⎜⎜⎜⎜⎜⎝

W CS
spr

W B
g

W B
dmp

TD,I
D

T B,I
B

⎞
⎟⎟⎟⎟⎟⎟⎠ (28)

Jimp :=

⎛
⎜⎜⎜⎜⎜⎜⎝

0 0 0 −AdHCS
D

AdHCS
B

0 0 0 0 I6

0 0 0 0 I6

Ad�
HCS

D
0 0 0 0

−Ad�
HCS

B
−I6 −I6 0 0

⎞
⎟⎟⎟⎟⎟⎟⎠ .

The first equation in (28) corresponds to the twist relation

T CS,D
CS =AdHCS

B
T B,I

B −AdHCS
D

TD,I
D =T CS,I

B −T CS,I
D =T CS,D

B

which is true since ΨB and ΨCS are both attached to the
same body. The fourth equation corresponds to the change of
coordinates of the spring wrench from ΨCS to ΨD. Finally, the
last equation corresponds to the impedance control law

W B
c = −Ad�

HCS
B

W CS
spr −W B

g −W B
dmp (29)

which is equivalent to the EB-PBC law of [17].
It is straightforward to check that the Dirac structure Dimp

corresponding to (28) encodes the power balance given by

(W CS
spr )

�T CS,D
CS + (W B

g )
�T B,I

B + (W B
dmp)

�T B,I
B

+ (WD
spr)

�TD,I
D + (W B

c )
�T B,I

B = 0. (30)
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Fig. 4. Port-based representation of the closed-loop system, consisting of
the impedance controller and the aerial robot, with an open interaction port
(WB

int,T
B,I
B

).

Therefore, the power supplied by the controller (W B
c )

�T B,I
B

can be expressed, using (21), (25), and (27), as

(W B
c )

�T B,I
B =−Ḣp+Ḣg−(T B,I

B )�KdT B,I
B −(WD

spr)
�TD,I

D .
(31)

In conclusion, the network of interconnected elements de-
picted in Fig. 3 is the control by interconnection interpretation
of the impedance controller derived by EB-PBC in [17]. This
controller emulates a virtual spring and virtual damper attached
to the gravity-compensated aerial robot.

C. Passivity Analysis of Closed-Loop System

With reference to Fig. 4, we now turn attention to analyzing the
passivity of the closed-loop system, that includes the aerial robot
and the impedance controller. It is important to note that when
conducting this analysis, we exclude the environment (which is
in fact unknown) and study the passivity with respect to the open
interaction port (W B

int,T
B,I
B ), characterizing the power supplied

by the environment to the closed-loop system.
Intuitively speaking, a passive system is a system that can

only dissipate or store energy, thus its total stored power is
always nonincreasing. In the context of physical interaction,
guaranteeing passivity of the closed-loop system is an effective
way to ensure stable physical contact with an unknown passive
environment without assuming a specific structure or model for
it. In fact, it has been shown in [5] that for any nonpassive closed-
loop system, one can always construct a passive environment
that results in unstable behavior during interaction.

Thanks to the port-Hamiltonian formulation of the overall sys-
tem presented above, the passivity analysis is easily performed
by combining the energy balances of the Dirac structures shown
in Fig. 4.

By substituting the power supplied by the controller (31) in
the aerial robot’s energy balance (11), one has that

Ḣg + Ḣk = − Ḣp + Ḣg − (T B,I
B )�KdT B,I

B

− (WD
spr)

�TD,I
D + (W B

int)
�T B,I

B

which can be rewritten as

Ḣk+Ḣp=−(T B,I
B )�KdT B,I

B −(WD
spr)

�TD,I
D +(W B

int)
�T B,I

B

(32)
under the assumption that the gravitational energy of the aerial
robot has been perfectly compensated by the controller.

Now we take a closer look at the energy balance (32) to assess
passivity. The left-hand side of (32) corresponds to the rate of
change of the total energy stored by the closed-loop system.
On the other hand, the right-hand side consists of the sum of
the power dissipated by the virtual damper, the power due to
changing the virtual spring’s end connected to ΨD, and the
power exchanged with the environment during interaction.

First, the power dissipated by the virtual damper
(T B,I

B )�KdT B,I
B is always nonnegative and thus contributes

positively to the passivity of the system.
As for the power due to changing ΨD, by the subsystem

named virtual set-point in Fig. 4, its power is indefinite. Thus,
it is a nonpassive action that could inject energy into the virtual
spring. However, as we focus on quasi-static tasks, we will
assume that ΨD changes during interaction in a piece-wise
constant or quasi-static manner such that

−(WD
spr)

�TD,I
D < (T B,I

B )�KdT B,I
B (33)

then changing the virtual set-point does not violate the passivity.
Another factor that could potentially violate the passivity of

the closed-loop system is imperfect gravity compensation. In
that case, the right-hand side of (32) would have an extra sign-
indefinite term given by (δW B

g )
�T B,I

B , where δW B
g ∈ (R6)∗

corresponds to the error in estimating the gravitational wrench
applied on the aerial robot. However, from (22) it can be seen that
this error depends on the parametric uncertainty of the robot’s
mass and gravitational acceleration which in practice could be
easily identified empirically. Therefore, the power injected due
to imperfect gravity compensation could be assumed to be neg-
ligible compared to the power dissipated by the virtual damper.
In fact, this should also be assumed for other uncertainties, such
as modeling errors and communication delays.

To summarize, under the aforementioned assumptions, we
can express the energy balance (32) as

Ḣk + Ḣp ≤ (W B
int)

�T B,I
B (34)

which ensures the closed-loop system’s passivity with respect to
the interaction port (W B

int,T
B,I
B ). Thus, contact stability of the

impedance-controlled aerial robot interacting with any conceiv-
able passive environment is guaranteed.

Remark 3: It is important to note the simplicity of conducting
the passivity analysis using the port-Hamiltonian formulation
presented, which naturally explicates the topology of energy
flow within the system. Such straightforward analytical analysis
could be simplified even further using the bond graph in Fig. 4
which allows checking the passivity by graphical inspection.
We will demonstrate such procedure in Section V-D when the
complete energy-aware controller is presented.

Remark 4: Note that the passivity analysis conducted above
holds also for a time-varying damping Kd but not for a time-
varying stiffness. While varying the stiffness will be exploited in
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Fig. 5. Port-based representation of the closed-loop system showing the added
variable stiffness virtual spring used for regulating the interaction wrench applied
by the aerial robot to the environment. The legend shows the block-diagram
equivalent of a 2-port C-element.

the next section for regulating the interaction wrench, varying
the damping could be exploited by a high-level module that
guarantees (33) is always satisfied during the task. We will not
consider in this work varying the damping, however, we will
reflect more on this point later in Remark 5.

IV. INTERACTION WRENCH REGULATION

The basic impedance controller presented above does not
allow regulating the interaction wrench with the environment
to a desired value. In practice, such missing feature is certainly
a prerequisite for high-precision interaction tasks.

In this section, we show how the interaction wrench can be
regulated by modulating the stiffness of an additional virtual
spring. Thus, the proposed impedance controller will comprise
of two virtual springs, one with constant stiffness and another
with variable stiffness, as shown in Fig. 5.

The choice of adding a new virtual spring with modu-
lated stiffness has the advantage of separation of concerns.
On one hand, the constant stiffness spring can be tuned
for optimized motion control as well as shaping the gen-
eral impedance behavior of the robot, for instance when es-
tablishing initial contact. On the other hand, the variable
stiffness can be designed focusing on the goal of wrench
regulation which will be shown to be a passivity-violating
Action.

Next, we present the details of the variable-stiffness controller
starting by the wrench observer used to estimate the interaction
wrench between the aerial robot and the environment.

A. Interaction Wrench Observer

Consider the momentum dynamics of the aerial robot given
by the second equation in (10), which can be rewritten as

Ṗ B = Jk(P B)I−1P B +W B
g +W B

c︸ ︷︷ ︸
=:f(PB ,WB

c )

+W B
int (35)

which includes the interaction wrench W B
int applied to the aerial

robot that we wish to estimate.
Similar to [1], [40], [41], and [42], a wrench observer that

provides an estimate Ŵ B
int ∈ (R6)∗ of the interaction wrench

applied to the aerial robot has the form

Ŵ B
int = Ko(P B − P̂ ) (36)

˙̂P = f(P B,W B
c ) +Ko(P B − P̂ ) (37)

where P̂ ∈ R6 is an estimate of the actual body momentum, and
Ko ∈ R6×6 is a positive diagonal matrix of observer gains.

The relation between the actual interaction wrench W B
int and

the estimated one Ŵ B
int can be derived by substituting (35), (37)

into the time derivative of (36) which yields

˙̂W B
int +KoŴ B

int = KoW B
int (38)

which represents six first-order filters for each component of the
interaction wrench, since Ko is a diagonal matrix by construc-
tion.

In practice, the actual momentum dynamics (35) includes
other external wrenches, e.g., aerodynamic disturbances, un-
modeled dynamics, and parametric uncertainties. The wrench
computed from the observer (36), (37) will actually be an
estimate of all the external disturbances of the system and not
just the interaction wrench.

The energy-aware control scheme we present in this work is
independent of the wrench estimation/measurement technique
used. To overcome the aforementioned limitations, the basic
wrench observer (36), (37) could be replaced by a force/torque
sensor at the contact point, enhanced with more robust estima-
tion techniques, or augmented with a high-level algorithm to
distinguish the interaction wrench, e.g., as in [43].

B. Stiffness Modulation

Using the estimate of the interaction wrench applied to the
aerial robot Ŵ B

int , we will modulate the stiffness of the virtual
spring in order to regulate the interaction wrench to a desired
value W T

des, which is assumed, without loss of generality, to be
specified in the task frameΨT . In this way, the desired interaction
wrench can be defined independently from the orientation of the
end-effector (body-fixed) frame which is subject to aerodynamic
disturbances.

Let K̄T ∈ R6×6 denote the time-varying diagonal stiffness
matrix of the variable spring expressed in ΨT . We denote its
corresponding time-varying stiffness vector ΓT ∈ R6 such that
K̄T = diag(ΓT ). In order to achieve regulation of the interaction
wrench, the six components of ΓT are calculated such that the
wrench regulation error is steered to zero. For this purpose, we
employ the simple proportional controller

Γ̇T = Kp,w(W T
des −Ad�

HB
T
Ŵ B

int) (39)

whereKp,w ∈ R6×6 is a diagonal matrix of positive proportional
gains and the term Ad�

HB
T
Ŵ B

int corresponds to the estimated
interaction wrench applied to the aerial robot expressed in the
task frame ΨT .
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In order to use the stiffness matrix K̄T for calculating the
corresponding spring wrench, we should represent it in the
center-of-stiffness frame ΨCS . We denote this representation
of the stiffness matrix by K̄CS ∈ R6×6, calculated with the
following coordinate transformation:

K̄CS = Ad�
HT

CS
K̄TAdHT

CS
. (40)

While K̄T was designed to be a diagonal stiffness matrix, its
counterpart K̄CS will not be diagonal in general. Instead, the
stiffness matrix K̄CS will be a symmetric matrix of the form

K̄CS =

(
K̄o K̄c

K̄
�
c K̄ t

)
(41)

with K̄o, K̄c, K̄ t ∈ R3×3 denoting the orientation, coupling,
and translation parts of the time-varying stiffness matrix K̄CS ,
respectively.

C. Variable-Stiffness Spring

With reference to Fig. 5, the wrench component W CS
spr of

the impedance controller originates from two springs; one with
constant stiffness and another with variable stiffness. The total
wrench due to both springs is given by

W CS
spr = χ∗

HD
CS

(∂HD
CS

Hp)

= χ∗
HD

CS
(∂HD

CS
Hp,c) + χ∗

HD
CS

(∂HD
CS

Hp,v)

= : W CS
spr,c +W CS

spr,v (42)

whereHp,c and Hp,v denote the potential energy functions of the
constant and variable springs, respectively, and W CS

spr,c ,W CS
spr,v ∈

(R6)∗ denotes their corresponding wrenches. The wrench bal-
ance (42) is represented graphically by the one-junction in Fig. 5.

The potential function Hp,c of the constant spring has HD
CS

as its state variable and is identical to (15). Thus, similar to (21),
it satisfies the energy balance

Ḣp,c = 〈W CS
spr,c |T CS,D

CS 〉R6 . (43)

On the other hand, the potential function Hp,v has two
differences compared to (15). First, it depends on the pair
(HD

CS, K̄CS) as state variables. Second, its expression includes
an additional term that models the effect of the coupling part of
the stiffness matrix (41) such that it is expressed by [6, pp. 168]

Hp,v(HD
CS, K̄CS) =

1

4
(ξD

CS)
�K̄ tξD

CS

+
1

4
(ξD

CS)
�RD

CSK̄ t(RD
CS)

�ξD
CS

− tr(Ḡo(RD
CS−I3))+tr(Ḡc(RD

CS)
�ξD

CS)
(44)

where Ḡo, Ḡc ∈ R3×3 are the co-stiffness matrices correspond-
ing to the stiffness matrices K̄o and K̄c, respectively.

The spring wrench corresponding to (44) will consequently
contain extra terms compared to (18) which can be shown to be

equal to [6]

W CS
spr,v =

(
τCS

spr,v

fCS
spr,v

)
(45)

τ̃CS
spr,v = 2sk(ḠoRD

CS) + sk(ḠtRCS
D ξ̃D

CSξ̃D
CSRD

CS)

+ 2sk(Ḡcξ̃D
CSRD

CS) (46)

f̃
CS

spr,v = RCS
D sk(Ḡtξ̃D

CS)RD
CS + sk(ḠtRCS

D ξ̃D
CSRD

CS)

+ 2sk(ḠcRD
CS) (47)

where Ḡt ∈ R3×3 is the translation co-stiffness matrix corre-
sponding to K̄ t.

The potential function of the variable-stiffness spring Hp,v

satisfies the energy balance

Ḣp,v = 〈W CS
spr,v|T CS,D

CS 〉R6 +
〈
∂K̄CSHp,v| ˙̄KCS

〉
R6×6

(48)

where the second term corresponds to the change in energy due
to varying the stiffness of the spring by the proportional law
(39)–(40). In bond graph notation, the storage of the potential
energy Hp,v is represented by a 2-port C-element, as shown in
Fig. 5.

By repeating the passivity analysis in Section III-C for the
new impedance controller with stiffness modulation, one can
easily show that the second term in (48) violates the passivity
of the closed-loop system since it is a sign indefinite term. This
can also be concluded easily by graphically inspecting the bond
graph in Fig. 5 since the direction of the power supplied by the

“stiffness modulation” module via the port (∂K̄CSHp,v,
˙̄KCS)

is indefinite. Thus, the contact stability of the variable-stiffness
impedance controller cannot be guaranteed.

D. Wrench Tracking Error Convergence

We conclude this section with a basic analysis of the closed-
loop dynamics of the wrench tracking-error under the variable-
stiffness controller (42) augmented with (36), (37), and (39).
Note that while a detailed nonlinear analysis of the wrench
error dynamics is out of the scope of this work, the following
analysis provides some basic insights into the intuition behind
the proposed controller’s behavior.

Without loss of generality, we will assume ΨT = ΨCS

for ease of presentation. Thus, we have that K̄CS = K̄T =
diag(ΓCS). The main ingredient we use is the linearized
impedance behavior of the closed-loop system with re-
spect to the environment presented in [17] for the constant-
stiffness impedance controller of Section III. In the case of
variable-stiffness during quasi-static interaction, this linearized
impedance behavior is expressed by the steady-state relation

W CS
int = W CS

spr,v +W CS
spr,c = K̄CSδT CS,D

CS +W CS
spr,c (49)

where δT CS,D
CS ∈ R6 denotes an infinitesimal twist displacement

of the virtual spatial spring.
In terms of the wrench tracking error eCS

w := W CS
des − Ŵ CS

int ,
we can rewrite (39) as Γ̇CS = Kp,weCS

w . Furthermore, using (38)
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and (49), we have that

Γ̈CS = Kp,wėCS
w = Kp,w(Ẇ CS

des +Ko(Ŵ CS
int −W CS

int ))

= Kp,w(Ẇ CS
des +Ko(W CS

des − eCS
w −W CS

spr,v −W CS
spr,c)).

Since K̄CS is a diagonal matrix, we can write W CS
spr,v =

K̄CSδT CS,D
CS = diag(δT CS,D

CS )ΓCS . Thus, by introducing

KΓ := Kp,wKodiag(δT CS,D
CS )

W Γ := Kp,wẆ CS
des +Kp,wKo(W CS

des −W CS
spr,c)

the time-evolution of ΓCS is governed by

Γ̈CS +KoΓ̇CS +KΓΓCS = W Γ (50)

which represents six decoupled second-order systems for each
component of ΓCS since Ko and Kp,w are diagonal.

In the case that W Γ is constant, the system (50) converges
asymptotically to (ΓCS, Γ̇CS) = (K−1

Γ W Γ,0). Consequently,
Γ̇CS → 0 implies that eCS

w → 0, and thus, Ŵ CS
int → W CS

des . Note
that such convergence properties hold under the assumption that
W Γ is constant which require that Ẇ CS

des = 0, and thus, W CS
des

is piecewise constant.
For tracking a time varying desired wrench and analyzing the

wrench tracking-error for generic dynamic interaction tasks, the
above analysis must be extended using nonlinear analysis tools,
e.g., Lyapunov theory. Such tools would allow designing a more
advanced stiffness modulation algorithm that replaces (39).

V. ENERGY-AWARE IMPEDANCE CONTROLLER

A way to restore the passivity, violated because of regulating
the interaction wrench, is by using energy routing and energy
tanks [5], [13]. The basic idea behind energy routing is that
energy within the controller is directed from certain parts and
stored in a virtual tank. This stored energy can then be used to
implement the nonpassive control action of wrench regulation,
In this way, the total energy content of the closed-loop system
remains unaffected. Thus, the contact stability of the aerial robot
interacting with a passive environment is guaranteed again.

In what follows, we present the details of augmenting the
impedance control with energy tanks and the effect it has on the
overall closed-loop system’s passivity.

A. Idea of Energy Routing

In the modified controller augmented with an energy tank, the
total spring wrenchW CS

spr of the impedance control law (29) will
not be designed as in (42). Instead, the inclusion of the variable
spring wrench W CS

spr,v will depend on whether there is enough
energy in the virtual tank to implement this nonpassive control
action or not. Therefore, instead of (42), the total spring wrench
W CS

spr is calculated by

W CS
spr = W CS

spr,c +W CS
reg (51)

where W CS
reg ∈ (R6)∗ denotes the control wrench for regulating

the interaction wrench, which is chosen as

W CS
reg = αW CS

spr,v (52)

where 0 ≤ α ≤ 1 is referred to as the valve gain which is
regulated by the energy tank.

In normal operation when there is sufficient energy in the
virtual tank available for wrench regulation, we have that α =
1. Consequently, W CS

reg is then equal to W CS
spr,v in (45) and the

controller emulates the virtual spring with variable-stiffness. The
power Preg that is required for regulating the interaction wrench
is given by

Preg = (W CS
reg )

�T CS,D
CS = α(W CS

spr,v)
�T CS,D

CS . (53)

This power is drawn from the energy tank, which is initialized by
the control designer with a certain energy budget that is known
a priori to be sufficient for achieving the desired interaction
task. Once the energy tank depletes, it sets the valve gain α
to zero and hence it follows that W CS

reg = 0. In this situation,
the wrench regulation stops and the variable-stiffness spring is
detached from the aerial robot.

If the depletion of the energy tank occurs before the interaction
goal has been completely fulfilled, there could be two possibil-
ities. On one hand, there could exist some sort of uncertainty
during the interaction with the unknown environment that caused
the depletion. In this case, the valve-based energy tank prevents
the instabilities that could potentially occur due to continuation
of the wrench regulation. On the other hand, it could be that the
allocated energy budget was insufficient for the interaction task.
In this case, a high-level strategy can be designed to analyze
whether it is safe or not to allocate more energy in the tank to
allow further regulation of the interaction wrench.

An important source of internal power that could be used
to increase the energy stored in the virtual tank is the power
dissipated by the virtual damper given by

Pdmp = (W B
dmp)

�T B,I
B (54)

which is always positive by construction. Instead of “throwing
away” all of this power, only a certain portion of it Pdis can be
dissipated, which is given by

Pdis = (1− η)Pdmp, 0 ≤ η ≤ 1 (55)

while the remainder, given by ηPdmp can be routed to the virtual
tank to be stored. In this way, the energy dissipated by the virtual
damper is exploited for implementing the wrench regulation.

Note that it is not advantageous to route all of the damper’s
energy to the virtual tank (i.e., choose η = 1) since this will
result in a lossless closed-loop system. Since a lossless system
is on the border of passivity, choosing η < 1 allows for some
passivity margin which could be beneficial in the presence of
other passivity violation sources, such as modeling uncertainties
and changing the virtual set-point during interaction.

B. Energy Routing Using a Dirac Structure

The energy routing concept described above is implemented
mathematically by the Dirac structure DeTank which mediates
energy between four power ports, as shown in Fig. 6(a). The first
port is (W B

dmp,−T B,I
B ) which corresponds to −Pdmp, while the

second port is (W B
dis,T

B,I
B ) which corresponds to the dissipated

power Pdis, with its effort and flow variables related by the static
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Fig. 6. Graphical representation of the energy-aware impedance control architecture. (a) Port-based representation of the overall closed-loop system. (b) Port-based
representation of the energy tank. (c) Block-diagram representation of the energy tank.

relation

W B
dis = (1− η)KdT B,I

B . (56)

The third port is (W CS
reg ,−T CS,D

CS ) which corresponds to −Preg,
while the fourth port is (xt, ft)withxt, ft ∈ R denoting the effort
and flow variables of the energy tank and their product Pt :=
xtft, denoting the power entering the energy tank subsystem.

The Dirac structure DeTank connecting the aforementioned
ports is defined as the relation corresponding to the skew-
symmetric map given by⎛

⎜⎜⎜⎝
W CS

reg

W B
dmp

T B,I
B

ft

⎞
⎟⎟⎟⎠ = JeTank

⎛
⎜⎜⎜⎝
−T CS,D

CS

−T B,I
B

W B
dis

xt

⎞
⎟⎟⎟⎠ (57)

JeTank :=

⎛
⎜⎜⎜⎝

0 0 0 α
xt
W CS

spr,v

0 0 I6
η
xt
KdT B,I

B

0 −I6 0 0

− α
xt
(W CS

spr,v)
� − η

xt
(KdT B,I

B )� 0 0

⎞
⎟⎟⎟⎠

The first equation in (57) implements the wrench regulation
control law (52). The second equation can be expressed using
(56) as

W B
dmp = W B

dis + ηKdT B,I
B

= (1− η)KdT B,I
B + ηKdT B,I

B = KdT B,I
B (58)

which recovers the virtual damper’s wrench (26). The last equa-
tion in (57) corresponds to the flow entering the energy tank
system, which can be expressed as

ft =
α

xt
(W CS

spr,v)
�T CS,D

CS +
η

xt
(KdT B,I

B )�T B,I
B (59)

The energy balance encoded in the Dirac structure corre-
sponding to (57) is given by

xtft + (W B
dis)

�T B,I
B = (W CS

reg )
�T CS,D

CS + (W B
dmp)

�T B,I
B (60)

which can be rewritten using (53)–(56) as

Pt = Preg + Pdmp − Pdis

= Preg + Pdmp − (1− η)Pdmp = Preg + ηPdmp. (61)

The expression (61) states that the power flowing into the energy
tank is the sum of the power needed for regulating the interaction
wrench and a portion of the virtual damper’s energy. While the
direction of Pdmp is always flowing from the damper to the tank,
the flow of Preg can be in both directions.

In conclusion, the power-preserving Dirac structure corre-
sponding to (57) implements the desired energy routing concept
which directs the power required to implement the wrench
regulation control action from the energy tank, while exploiting
a portion of the virtual damper’s energy to fill the energy tank
and dissipate the remainder. As long as the energy tank includes
sufficient energy, the wrench regulation is equivalent to the
action of a variable-stiffness virtual spring.

C. Design of the Energy Tank

With reference to Fig. 6(b), the energy tank is represented by
a storage element C with its state xt ∈ R and energy function
Et given by

Et(xt) =
1

2
x2t . (62)

By construction, one has that the flow and effort variables of
the storage element to be given by ẋt ∈ R and ∂xtEt = xt ∈ R,
respectively.

The energy tank is designed such that, in addition to energy
storage, it adheres to two important behaviors. First, the level
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of energy in the tank should never reach zero as this implies
that xt = 0 which would create a singularity in (59) and (52).
Therefore, the tank energy should never drop below a pre-
specified lower limit E−

t . This can be enforced by setting the
valve gain α = 0 whenEt ≤ E−

t and α = 1 otherwise. To avoid
discontinuities in (59) and (52) and the consequent chattering in
the robot’s control signals, the transition between 0 and 1 can
be made smooth, as suggested by [25]

α =

⎧⎪⎪⎨
⎪⎪⎩
0 if Et ≤ E−

t
1
2

[
1− cos

(
Et−E−

t
δE π

)]
if E−

t < Et < (E−
t + δE)

1 otherwise
(63)

for some δE > 0.
Second, the maximum level of energy in the tank should

be limited to avoid a steady increase of Et. In this way, the
energy budget allocated to perform the wrench regulation can
be kept under control. This maximum energy level allowed in
the tankE+

t can be enforced by the use of an overflow valve and
sink implemented using a modulated transformer and modulated
resistive element, as shown in Fig. 6(b).

The flow variables of the three ports connected by the zero-
junction in Fig. 6(b) satisfy the condition

ẋt = ft − βft = (1− β)ft. (64)

By multiplying both sides of (64) by xt we have that the power
stored in the tank (i.e., Ėt = xtẋt) and the power directed from
DeTank (i.e.Pt = xtft) are related by

Ėt = (1− β)Pt (65)

where β ∈ {0, 1} is a scalar that represents the state of the
overflow valve calculated by

β =

{
1 if Et ≥ E+

t & Pt > 0

0 otherwise.
(66)

In this way, all the power that is routed from DeTank is stored
in the energy tank when β = 0. Whereas, when β = 1, all the
power routed is dissipated by the modulated resistor and the
maximum of Et is ensured to be E+

t . Thus, the MTF emulates
a virtual overflow valve.

Note that the discontinuity of β in (66) will only affect the
power stored in the C-element and will cause no chattering to
the control signals of the robot.

D. Passivity Analysis of the Closed-Loop System

Finally, we conclude this section with an analysis of the
passivity of the closed loop system shown in Fig. 6(a). Recall that
the passivity of the closed loop system is assessed by ensuring
that the total energy stored in the system is nonincreasing. Such
assessment is straightforward by graphical inspection of the
bond graph in Fig. 6(a), which eliminates the need of an analytic
proof of passivity.

The closed-loop system (excluding the environment) consists
of five dynamical systems that are interconnected together: 1)
the gravity compensated aerial robot, 2) the constant virtual
spring, 3) the resistive element, 4) the virtual set-point generator,

and 5) the energy tank. Other modules in the system consists
of the power ports, junctions, Dirac structures, and the signal
processing parts of the controller that include the interaction
wrench regulation and observer algorithms.

All the power ports, junctions, and Dirac structures are power-
preserving by construction. In other words, they only route the
power flowing through them without increasing or decreasing
the total power. As for the signal-processing modules, they
are connected such that they do not inject energy into system
but instead modulate the Dirac structure DeTank. Therefore, a
sufficient condition for the overall system’s passivity is to ensure
that each of its individual dynamical subsystems is passive

By construction, we have that the constant spring, the resistive
element, and the energy tank are all passive dynamical systems,
whereas the environment is passive by assumption. As for the
gravity compensated aerial robot, it is passive under the assump-
tion of perfect gravity compensation. As for the virtual set-point
generator, similar to Section III-C, under the assumption that
the virtual set-point ΨD changes during physical interaction in
a piecewise constant or quasi-static manner such that the power
injected is less than that dissipated, i.e.,

−(WD
spr)

�TD,I
D < (1− η)(T B,I

B )�KdT B,I
B (67)

then it does not violate the passivity.
With the above graphical inspection of Fig. 6(a), the contact

stability between any passive environment and the aerial robot
controlled by the proposed energy-aware impedance controller
is guaranteed. Thanks to the port-based representation of the
system dynamics, we are able to assess the system’s passivity
just by graphical observation without lengthy power inequalities
usually encountered in analytical passivity checks.

Remark 5: A very important point to note is that the afore-
mentioned passivity analysis is independent from any unidirec-
tional time-varying signal present in the system. This includes
Ŵ B

int,W CS
spr,v , and α which are shown as dashed lines in in

Fig. 6(a). The same also applies for the damping gains η and
Kd, which are allowed to be time-varying although we have
chosen them to be constant in this article.

This independence of the passivity analysis is due to the fact
that, by construction, the Dirac structure DeTank remains to be
power continuous, i.e., JeTank in (57) is skew-symmetric, even if
the signals mentioned above are time-varying. Such significant
property highlights the high modularity of our proposed energy-
aware control architecture which could be used with other
advanced wrench observers or stiffness modulation algorithms.
In addition, it could be extended by high-level algorithms that
enhance the system’s performance by changingα, η orKd. One
possible extension, which we present next section, is to exploit
the signal α to achieve safe interaction in contact-loss scenarios.
Another possibility includes designing a high-level module to
vary η and Kd such that (67) always holds, as already pointed
out in Remark 4.

VI. TOWARD SAFE INTERACTION: A SAFETY EXTENSION FOR

ENERGY TANKS

The energy-aware impedance controller presented so far is
capable of regulating the interaction wrench with a guaranteed
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Fig. 7. Illustration of the contact-loss stabilization method proposed by [18]
for force regulation in 1-dimension. The figure shows the robot during normal
operation (left) and after a loss-of-contact with the environment (right).

contact stability, as shown in the passivity analysis of the
previous section. However, in practice, it is well known that
passivity does not imply safety, as high energy levels stored in
the tank could lead to dangerous unwanted motions. Therefore,
next to achieving stable contact with the environment, another
goal of our work is to find a way to ensure a certain level of
safety during the interaction. In particular, the safety issue we
address arises when the end effector of the MAV loses contact
while trying to regulate a commanded interaction wrench with
the unknown and unobserved environment. Thus, the goal of
the safety algorithm is twofold: first detect a loss in contact
with the environment without extra visual information, and then
abort the wrench regulation task accordingly.

One possible solution, proposed in [18] and illustrated in
Fig. 7 for the translational case, is to rely on the angle between
the direction vectors corresponding to the desired force fdes and
spring displacement ξCS

D quantified by the dot product f�desξ
CS
D .

During normal contact, this dot product is positive. On the other
hand, after a sudden loss of contact and the movement of the
robot beyond the virtual setpoint’s position (i.e., position 2 in
Fig. 7), the dot product is then negative. Thus, it serves as a
detection signal for the contact loss which then could trigger
a gradual shutting off of the force regulation through the α
signal over a user-defined distance dmax. The same procedure
is also generalizable to additionally deal with contact loss in the
rotational case, i.e., during a torque interaction, as shown in [18].

While the above signal-based safety algorithm guarantees the
wrench regulation is turned OFFby the time the robot reaches
position 3 (cf. Fig 7), it does not mean the robot will come to
rest there since the kinetic energy gained by the robot moving
from position 1 to 2, with the wrench regulation fully operational
in free flight, will cause the robot to go beyond position 3. Thus,
the task actual safety in a generic unknown and unstructured
environment is at risk.

In this work, we propose a more robust energy-based safety
algorithm that exploits the energy-awareness of the controller
through monitoring the amount of power extracted for wrench
regulation (i.e., Preg). In case of contact loss, a high amount of
energy will flow through the power port (W CS

reg ,T
CS,D
CS ) within

a short amount of time, which can subsequently be detected as a
safety violation. A basic method for performing such a detection
is to simply put a threshold on Preg, where the threshold will be

Fig. 8. Illustration of the energy freezing concept.

referred to as Punsafe. Thus, we have that

Safety Violation =

{
True if Preg > Punsafe

False otherwise.
(68)

Note that in contrast to the signal-based solution of [18] we
described earlier, the safety violation will be detected whilst the
robot is still at position 1. Thus, the abortion of the wrench-
regulation process will start at a much earlier stage which
increases the safety of the interaction task.

Next, based on the detected power surge, one strategy would
be to immediately shut off the wrench regulator. However, such
naive strategy would be highly sensitive to sensor noise if the
threshold is placed sufficiently low, leading to unwanted abortion
of the wrench regulation task in case of a false-positive signal.
Instead, we introduce an implicit hysteresis in the energy tank by
limiting the available energy in the tank after a detected safety
violation. We refer to this novel extension of energy tanks by
energy freezing and melting, summarized in Algorithm 1.

With reference to Fig. 8, the intuition behind this process is
to freeze a large part of the energy in the tank as soon as a
safety violation is detected. This frozen part (Efrozen) will not be
usable, only the liquid energy (Eliquid) left behind can be used
for implementing the desired control task, i.e., the interaction
wrench regulation. This liquid amount of energy is initialized to
be a user-specific amount Esafe. Thus, the valve gain α in (63)
is calculated using Eliquid instead of Et.
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TABLE II
SUMMARY OF THE SIMULATION RESULTS IN [46]

In case the safety violation detection is a true positive, then
the robot will be at that instance in free-flight with the wrench
regulation still operational. The distance over which the regula-
tion is gradually turned OFFare determined by the Eliquid which
is limited to Esafe by construction. On the other hand, in case
of a false positive safety violation, e.g., due to spikes in Preg

resulting from high sensor noises or wind gust disturbances,
the algorithm melts the frozen energy in the tank such that the
wrench regulation task can continue normally.

The rate at whichEfrozen is melted over time is determined by
the γmelt ∈ R+ parameter. To prevent that energy melting occurs
during actual contact loss, the melting process is stopped if the
safety extension actually starts responding, which is when α <
1. In addition, Efrozen should be maintained above the minimum
tank energy E−

t .
A summary of our energy-tank safety extension can be found

in Algorithm 1. Note that this algorithm only affects how α is
calculated in (63) without changing the virtual energy stored
in the tank. Therefore, as discussed in Remark 5, the passivity
analysis conducted in Section V-D is unchanged with the new
safety extension.

VII. EXTENSIVE VALIDATION OF THE CONTROLLER

In this section, we present the validation campaign that we
conducted to validate the proposed energy-aware impedance
control strategy for a flying end-effector. We extensively tested
such a controller by means of both realistic numerical simu-
lations using 20Sim [44] and Gazebo/RotorS [45] as well as
real experiments, in different scenarios and operational con-
ditions. Due to space limitation, we are going to present here
the results of the experimental tests. However, we believe the
simulation results to be a valuable complement to the experi-
mental outcomes described in this article. Therefore, for com-
pleteness and clarity of exposition, we sketch in Table II an
overview of the simulation environment and the goal for each
simulation test, see [46] for a complete description of these
tests.

After a brief outline of our experimental setup, we present
and discuss the results of five different real scenarios which we
chose to highlight the most representative key-features of our
method. An overview of the indoor environment and the goal
for each experimental test is gathered in Table III.

TABLE III
OVERVIEW OF THE PRESENTED EXPERIMENTAL RESULTS

Fig. 9. Fully actuated hexarotor aerial robot in two different environments:
The indoor flight-lab (left) and the indoor arena (right).

A. Experimental Setup

The aerial robot employed for the experimental validation is
a custom-made fully actuated hexarotor, cf. Fig. 9. As already
mentioned, the assumption of full-actuation is crucial in order
to be able to control the interaction wrench at will, cf. W B

c in
(10), which is always possible within the limits of the actuators,
assumed to be the nominal working condition. A thorough
description of the physical parameters of the robot as well as
technical details on the software architecture and the sensors
used in the experiments can be found in [47]. The demonstrations
took place in two indoor environments endowed with motion
capture systems to provide reliable estimates of the robot con-
figuration and twist, as the contributions of the article are clearly
focused on control rather than perception: scenarios e-I–e-III
were performed in a small flight lab (4.33× 2.81× 2.62 m),
while scenarios e-IV–e-V were carried out in a larger indoor
arena (7.43× 5.93× 5.93 m). The choice of different sur-
rounding conditions is motivated by the will of preliminarily
assessing the influence of different external environments on
the controlled aerial system and by the need of repeatably
performing challenging tests in safe conditions. Unless other-
wise stated, the values of the energy tank parameters for all
the presented experiments are η = 0, E−

t = 0.05, E+
t = 1.8,

δE = 0.03, γmelt = 0.2, Punsafe = 0.3, and Esafe = 0.04.

B. Scenario E-I: Wrench Regulation and Tank Depletion

The goal of this experiment is twofold: 1) assess the correct
execution of the wrench regulation under normal operation, and
2) validate the behavior of the energy-aware impedance/wrench
controller (without safety extension) when the energy tank is
depleted. During this scenario, the MAV is commanded to exert a
reference force on a fixed vertical surface placed in the flight lab.
The desired force is along the x̂E axis of the end-effector’s frame
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Fig. 10. Plots related to Scenario e-I. From top to bottom, the tracking of the
reference interaction wrench, the actively-regulated value of the variable-spring
stiffness along fx, the level of energy stored in tank together with the value of
the α valve gain (63), and the actuator PWM commands.

ΨE which is chosen collinear with the end-effector’s forward
direction.

As shown in the first and the third plots of Fig. 10, the
piecewise constant reference force is properly tracked by the
controller as long as the level of energy in the tank is higher
than the lower limit E−

t . Such a proper wrench tracking is
achieved by modulating the stiffness of the virtual spring, whose
evolution is depicted in the second plot, following (39). In
particular, it is worth mentioning that during the initial phase
of the experiment (until t ≈ 27 s) the wrench tracking is not
enabled in the control (the user can trigger this behavior via an
user-interface), therefore, the spring stiffness is regulated to zero
despite the nonzero sensed forced due to the contact.

On the other hand, as soon as the energy tank is depleted
(t ≈ 89 s), the value of the valve gainα is automatically brought
from 1 to 0 in a continuous fashion, following (63). As a
consequence, the control wrench for regulating the interaction,
cf. (52), drops to 0 as well, producing the expected cease in
the wrench tracking, which is desirable to prevent potential
instabilities issues arising from an unrestrained interaction. This
demonstrates the effectiveness of the energy awareness of the
proposed impedance controller. In particular, it should be ap-
preciated how the transition between the two desired behaviors
occurs in a stable manner without theoretically violating the
passivity of the system.

Finally, two main observations should be drawn from the last
plot of Fig. 10: first, increasing the desired interaction force
requires enlarging span in the actuator velocities (due to the
tilting of the propellers) and, second, the MAV remains stable
despite the saturation of one actuator for almost 20 s, which
highlights the robustness of the presented controller.

Fig. 11. Plots related to Scenario e-II. Top: Interaction force regulation for
different values of the η parameter (55). Bottom: Level of energy in the tank for
the same η values.

C. Scenario e-II: Different Energy-Routing Configurations

In the previous experiment, the control parameter η in (55),
which determines the percentage of energy to be reinjected in
the energy tank from the virtual damper, was chosen to be zero.
Consequently, there is no refilling of the tank energy in the
third plot of Fig. 10. In this scenario, we want to show the
performance of the controller, in terms of wrench regulation
and energy consumption, when operating with different energy-
routing configurations, i.e., different values of η.

It should be expected that, if the robot is performing the
same task in very similar conditions, the level of energy in the
tank should decrease more slowly for increasing values of η,
since a larger portion of the dissipated energy is refilled in the
tank and can be reused for pursuing the task execution for a
longer nominal time. This intuition is confirmed by the second
plot of Fig. 11, which shows that the average slope of the tank
level decreases, in absolute value, for increasing values of η. In
fact, higher values of η could result in nondecreasing/increasing
energy in the tank which could be seen also in [18] and [21]. At
the same time, it should be noted that smaller η values provide
more robustness in case of unexpected events, because the robot
would stop the wrench regulation in advance.

On the other hand, the quality of the wrench regulation is
independent from the particular value of such tuning param-
eter, as shown in the first plot of Fig. 11. Indeed, when the
reference contact force changes, the regulated one converges
to new desired value with indistinct behaviors in the three
cases. Therefore, this experiment shows how the wrench can
be seamlessly regulated for different values of the gain η, as
long as there is energy in the tank and is within the min. and
max. values, i.e., α = 1 and β = 0. While a low value of η (i.e.,
low energy reinjection) would increase the robustness of the
closed-loop system in case of other passivity violation sources,
a high value of η (i.e., high energy reinjection) might be needed
for accomplishing tasks in case of low initial tank energy.

D. Scenario e-III: Full-Actuation MAV Capability

With this experiment, we want to showcase the capability
of the flying robot, controlled with the proposed energy-aware
method, to track the reference interaction wrench in multiple
ways, namely, with different orientations.
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Fig. 12. Plots related to Scenario e-III. From top to bottom, the tracking of
the reference interaction wrench, the tracking of the orientation reference, the
level of energy stored in tank together with the actively regulated value of the
variable-spring stiffness along fx, and the rotor PWM commands.

During this demonstration, the MAV is required to exert a
constant force along x̂E of 4.5N on a fixed vertical surface
placed in the flight lab, while the user changes the desired robot’s
roll angle (φdes) at the same time. As shown in the first and the
second plot of Fig. 12, where the robot orientation is displayed
with a minimal yaw(ψ)–pitch(θ)–roll(φ) representation for the
reader’s convenience, the interaction force is effectively regu-
lated and maintained even when the robot is considerably tilted
w.r.t. the horizontal plane. This capability becomes particularly
useful when the MAV is operating in cluttered environments,
since the wrench tracking can be ensured, while simultaneously
performing obstacle avoidance or other secondary tasks.

It is important to note that while only the desired roll is
commanded to a nonzero value, the actual robot’s pitch and yaw
angles change also as a by-product. This behavior is due to the
fact that they are automatically adjusted by the controller to pre-
cisely ensure the force regulation even with the saturation of one
actuator is reached, as shown in the fourth plot. Such behavior is
a key difference between the paradigm of impedance/behavior
control, compared to for example hybrid pose-wrench control,
where one controls the behavior of the robot instead of exact
control of its states. By increasing the rotational stiffness of the
geometric spring, the deviation in the pitch and yaw angles can
be decreased.

Furthermore, from the third plot it can be appreciated that the
level of energy in the tank, this time initialized to E+

t = 18J
to allow for longer operational time, decreases throughout the
task execution also in this scenario due to the choice of η = 0.
The stiffness of the virtual spring is actively regulated using the
feedback coming from the wrench sensing, as usual. Finally, it
is clear from the fourth plot that the robot maintains its stability

Fig. 13. Plots related to Scenario e-IV. From top to bottom, the tracking of the
reference interaction wrench, the tracking of the orientation reference, the linear
extension of the virtual spring, the actively-regulated value of the variable-spring
stiffness along fx, and the rotor PWM commands.

despite the saturation of one actuator, which demonstrates again
the robustness of the controller.

E. Scenario e-IV: Importance of Energy Awareness

In this fourth experiment, the main goal is to stress the
importance of the energy awareness embedded in the presented
energy tank-based controller by showing the possible conse-
quences of using instead an energy agnostic controller to ac-
complish interaction tasks in challenging situations, e.g., when
a contact-loss occurs during the interaction. To showcase this,
we used the variable stiffness controller described in Section IV,
which does not contain any of the augmentations presented in
Sections V–VI, and generated a translational contact-loss in a
simple but repeatable way, mounting a vertical surface on a cart,
as shown in Fig. 9 and the supplementary video.

During this test, the MAV was tasked to regulate a piece-
wiseconstant force along x̂E on the vertical surface, which was
blocked during the first part of the experiment and then moved
to produce the contact loss. The plots of the key results are
collected in Fig. 13, where the vertical black line denotes the
moment in which the cart was moved. As soon as the lateral
constraint provided by the wall is removed from the robot end
effector, the latter starts to oscillate around the resting position of
the virtual spring behaving like a mass-spring-damper system,
as it can be appreciated from the third plot. However, since the
wrench tracking is still enabled and the sensed force drops to
zero due to the lack of contact, cf. the first plot, an increase is
triggered in the stiffness of the virtual spring (39), as shown in
the fourth plot. This causes the amplitude of the oscillations,
which would otherwise remain at most constant (some damping
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Fig. 14. Plots related to Scenario e-V. From top to bottom, the tracking of the
reference interaction wrench, the tracking of the orientation reference, the linear
extension of the spring, the level of energy stored in tank together with the value
of the α valve gain (63), and the rotor PWM commands.

is present), to increase, leading to the instability of the robot, cf.
the second and third plots. As a matter of fact, the experiment
had to be aborted (shown in approx. the last one second of the
plots in Fig. 13).

This experimental result highlights the importance of energy-
awareness. Indeed, since this controller is energy agnostic, it
does not observe the energy flow related to the wrench regula-
tion. If the energy-aware controller described in Section V was
instead used, the wrench regulation would have been stopped
once the tank depletion was reached, as demonstrated in scenario
e-I. Furthermore, it should be appreciated that, even before
reaching instability the behavior of the robot is not safe due
its high oscillations, which we would like to avoid in the first
place by monitoring the energy and the power extracted from
the tank.

F. Scenario E-V: Energy-Aware Contact-Loss Stabilization

In this last scenario, we repeated the previous experiment
activating the energy-tank with the safety extension presented
in Section VI. In this case, the controller becomes aware of the
contact loss (occurring at t ≈ 75 s) by detecting a violation in
the maximum power that can be extracted from the tank, whose
value has been tuned in preliminary tests.

As shown by the fourth plot of Fig. 14, the abrupt extraction
of energy from the tank due to the contact-loss (not obvious
from the figure due to the reduced sample frequencies for the
plots) causes the freezing of most of the energy in the tank, made
possible by the safety extension detailed in Algorithm 1. As a
consequence, the valve gain α is closed, as already validated
in e-I, and the wrench tracking is discontinued, as we can see
in the first plot. For this experiment, we used Esafe = E−

t . By
comparing the third plots of Figs. 13 and 14, it is clear how

the robot end-effector does not oscillate like in previous case
but instead quickly converge the resting position of the virtual
spring. It is worth mentioning that the offset in the vertical
distance |ξz| is due to nonperfect gravity compensation and
external disturbances from the power cables, as depicted in
Fig. 9.

Indeed, thanks to its energy awareness, the controller can
monitor the amount of energy and power extracted from the
tank, and can properly react to this, which validates the success
of the proposed safety extension. This concludes the validation
of the proposed controller.

VIII. FURTHER EVALUATION AND DISCUSSION

In this section, we discuss some general issues and limitations
of our proposed interaction control framework presented in this
article.

First, an important issue that was observed in validat-
ing the controller experimentally is the fact that, during the
wrench regulation, the rate at which the energy in the tank
decreases/increases depends on the environment. The reason
behind this dependency can be seen from the power required
for wrench regulation in (53), which depends on the twist of
the MAV that is affected not only by the interaction target but
also aerodynamic disturbances, power-cable disturbances, and
nonmodeled dynamics. This dependency on the environment
can be observed by comparing the decreasing tank level of e-I
(for 30 < t < 50) to the almost constant tank level of e-V (for
55 < t < 75), even though η was selected to be zero in both
scenarios.

Second, compared to the signal-based safety extension pro-
posed in [18], the energy-freezing-and-melting algorithm we
proposed in this work allows to reason just in terms of energy and
power extraction from the tank. Such energy-awareness allows
an earlier detection of the contact-loss (as illustrated by Fig. 7)
and also allows treating translational and rotational contact-loss
by the same algorithm, as shown in the simulations of [46] men-
tioned in Table II. Furthermore, the control-by-interconnection
approach used has the benefit if being modular which allows
upgrading some subsystems of the control system, e.g., the
stiffness adaptive law or the wrench observer, for performance
enhancement.

Finally, in this work we highlighted the concept of “energy-
awareness” and its benefit for modeling and control of interactive
robots in general [5]. The use of virtual tanks allowed for
means to be aware of the energy used to regulate the interaction
wrench which violated the system’s passivity. By exploiting the
estimated energy budget allowed for accomplishing the task
and (optionally) the dissipated free energy in the controller, the
energy tank prevents the injection of an uncontrolled amount of
energy into the system, which could lead to instability. Further-
more, this awareness of the energy flow was shown useful also in
enabling safe interaction between the robot and its environment.

IX. CONCLUSION

This article presented an enhanced impedance control sys-
tem, derived in the port-Hamiltonian framework, capable of
regulating the interaction wrench of a flying end-effector while

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



RASHAD et al.: ENERGY-AWARE IMPEDANCE CONTROL OF A FLYING END-EFFECTOR IN THE PORT-HAMILTONIAN FRAMEWORK 19

ensuring stable and safe physical interaction with the environ-
ment. Furthermore, the advantages of the energy-aware control
approach presented goes beyond standard passivity-based con-
trol techniques in ensuring both stable and safe physical inter-
action. From a system-theoretic point of view, a passive system
only stores or dissipates energy which implies stability. From
a practical point of view, if the stored energy is huge, it could
possibly be transformed into high kinetic energy of the robot
leading subsequently to high-impact collisions. However, by
utilizing the awareness of the energy flow within the controller,
high-level algorithms could be designed to ensure additional
safety requirements.

As a future continuation of the energy-aware interaction
framework proposed, an important question that has not been
tackled here is: how to determine the energy budget allocated
to the virtual tank? This design parameter of the energy-aware
controller has a significant effect on its behavior as a low energy
budget allocated leads to the interaction task not being fulfilled,
whereas a high energy budget could potentially lead to an unsafe
interaction. One potential solution is to rely on sampling-based
approximations of the environment to estimate the required
budget for normal operation combined with machine learning
to optimize this budget during the task.

Another possible extension of our work includes handling
dynamic interaction tasks, e.g., writing on surfaces. Although
in this work we focused on quasi-static interaction tasks, we
believe dynamic tasks can be handeled without changing the
system’s passivity with the following extensions: 1) A modula-
tion strategy for the damping gains such that assumption (67)
always holds and 2) a more sophisticated stiffness modulation
law instead of (39) to track a time-varying desired wrench.

REFERENCES

[1] M. Ryll et al., “6D interaction control with aerial robots: The flying end-
effector paradigm,” Int. J. Robot. Res., vol. 38, no. 9, pp. 1045–1062, 2019.

[2] F. Ruggiero, V. Lippiello, and A. Ollero, “Aerial manipulation: A liter-
ature review,” IEEE Robot. Automat. Lett., vol. 3, no. 3, pp. 1957–1964,
Jul. 2018.

[3] A. Ollero et al., “The AEROARMS project: Aerial robots with advanced
manipulation capabilities for inspection and maintenance,” IEEE Robot.
Automat. Mag., vol. 25, no. 4, pp. 12–23, Dec. 2018.

[4] S. Park et al., “ODAR: Aerial manipulation platform enabling omnidi-
rectional wrench generation,” IEEE/ASME Trans. Mechatronics, vol. 23,
no. 4, pp. 1907–1918, Aug. 2018.

[5] S. Stramigioli, “Energy-aware robotics,” in Mathematical Control Theory
I. Berlin, Germany: Springer, 2015, pp. 37–50.

[6] S. Stramigioli, Modeling and IPC Control of Interactive Mechanical
Systems—A Coordinate-Free Approach. London, U.K.: Springer-Verlag,
2001.

[7] N. Hogan, “Impedance control: An approach to manipulation: Part I-
theory,” J. Dyn. Syst., Meas. Control, vol. 107, no. 1, pp. 1–7, 1985.

[8] N. Hogan, “Impedance control: An approach to manipulation: Part II-
Implementation,” J. Dyn. Syst., Meas. Control, vol. 107, no. 1, pp. 8–16,
1985.

[9] N. Hogan, “Impedance control: An approach to manipulation: Part III-
Applications,” J. Dyn. Syst., Meas. Control, vol. 107, no. 1, pp. 17–24,
1985.

[10] L. Villani and J. De Schutter, “Force control,” in Springer Handbook of
Robotics. Berlin, Germany: Springer, 2016, pp. 195–220.

[11] E. D. Fasse and J. F. Broenink, “A spatial impedance controller for robotic
manipulation,” IEEE Trans. Robot. Automat., vol. 13, no. 4, pp. 546–556,
Aug. 1997.

[12] S. Stramigioli and V. Duindam, “Variable spatial springs for robot control
applications,” in Proc. IEEE/RSJ Int. Conf. Intell. Robot. Syst., 2001, vol. 4,
pp. 1906–1911.

[13] V. Duindam and S. Stramigioli, “Port-based asymptotic curve tracking for
mechanical systems,” Eur. J. Control, vol. 10, no. 5, pp. 411–420, 2004.

[14] J. Cervera, A. J. van der Schaft, and A. Baños, “Interconnection of port-
Hamiltonian systems and composition of dirac structures,” Automatica,
vol. 43, no. 2, pp. 212–225, 2007.

[15] R. Rashad, J. Goerres, R. G. Aarts, J. B. Engelen, and S. Stramigioli, “Fully
actuated multirotor UAVs: A literature review,” IEEE Robot. Automat.
Mag., vol. 27, no. 3, pp. 97–107, Sep. 2020.

[16] E. D. Fasse, “On the spatial compliance of robotic manipulators,” J. Dyn.
Syst., Meas. Control, vol. 119, no. 4, pp. 839–844, 1997.

[17] R. Rashad, F. Califano, and S. Stramigioli, “Port-hamiltonian passivity-
based control on SE(3) of a fully actuated UAV for aerial physical
interaction near-hovering,” IEEE Robot. Automat. Lett., vol. 4, no. 4,
pp. 4378–4385, Oct. 2019.

[18] C. Schindlbeck and S. Haddadin, “Unified passivity-based cartesian
force/impedance control for rigid and flexible joint robots via task-energy
tanks,” in Proc. IEEE Int. Conf. Robot. Automat., 2015, pp. 440–447.

[19] F. Ferraguti, C. Secchi, and C. Fantuzzi, “A tank-based approach to
impedance control with variable stiffness,” in Proc. IEEE Int. Conf. Robot.
Automat., 2013, pp. 4948–4953.

[20] F. Ferraguti et al., “An energy tank-based interactive control architecture
for autonomous and teleoperated robotic surgery,” IEEE Trans. Robot.,
vol. 31, no. 5, pp. 1073–1088, Oct. 2015.

[21] R. Rashad, J. B. Engelen, and S. Stramigioli, “Energy tank-based
wrench/impedance control of a fully actuated hexarotor: A geometric
port-hamiltonian approach,” in Proc. IEEE Int. Conf. Robot. Automat.,
2019, pp. 6418–6424.

[22] A. Dietrich, X. Wu, K. Bussmann, C. Ott, A. Albu-Schaffer, and S.
Stramigioli, “Passive hierarchical impedance control via energy tanks,”
IEEE Robot. Automat. Lett., vol. 2, no. 2, pp. 522–529, Apr. 2017.

[23] G. Raiola, C. A. Cardenas, T. S. Tadele, T. de Vries, and
S. Stramigioli, “Development of a safety-and energy-aware impedance
controller for collaborative robots,” IEEE Robot. Automat. Lett., vol. 3,
no. 2, pp. 1237–1244, Apr. 2018.

[24] T. S. Tadele, T. J. De Vries, and S. Stramigioli, “Combining energy and
power based safety metrics in controller design for domestic robots,” in
Proc. IEEE Int. Conf. Robot. Automat., 2014, pp. 1209–1214.

[25] E. Shahriari, L. Johannsmeier, and S. Haddadin, “Valve-based virtual
energy tanks: A framework to simultaneously passify controls and em-
bed control objectives,” in Proc. IEEE Amer. Control Conf., 2018,
pp. 3634–3641.

[26] M. Orsag, C. Korpela, S. Bogdan, and P. Oh, “Dexterous aerial robots-
mobile manipulation using unmanned aerial systems,” IEEE Trans. Robot.,
vol. 33, no. 6, pp. 1453–1466, Dec. 2017.

[27] G. Nava, Q. Sablé, M. Tognon, D. Pucci, and A. Franchi, “Direct force
feedback control and online multi-task optimization for aerial manipula-
tors,” IEEE Robot. Automat. Lett., vol. 5, no. 2, pp. 331–338, Apr. 2020.

[28] A. Y. Mersha, S. Stramigioli, and R. Carloni, “Variable impedance control
for aerial interaction,” in Proc. IEEE Int. Conf. Intell. Robot. Syst., 2014,
pp. 3435–3440.

[29] A. Suarez, G. Heredia, and A. Ollero, “Physical-virtual impedance control
in ultralightweight and compliant dual-arm aerial manipulators,” IEEE
Robot. Autom. Lett., vol. 3, no. 3, pp. 2553–2560, Jul. 2018.

[30] T. Lee, M. Leoky, and N. H. McClamroch, “Geometric tracking control
of a quadrotor UAV on se (3),” in Proc. 49th IEEE Conf. Decis. Control,
2010, pp. 5420–5425.

[31] F. Bullo and R. M. Murray, “Tracking for fully actuated mechanical
systems: A geometric framework,” Automatica, vol. 35, no. 1, pp. 17–34,
1999.

[32] A. Y. Mersha, R. Carloni, and S. Stramigioli, “Port-based modeling and
control of underactuated aerial vehicles,” in Proc. IEEE Int. Conf. Robot.
Autom., 2011, pp. 14–19.

[33] J. Acosta, M. Sanchez, and A. Ollero, “Robust control of underactuated
aerial manipulators via IDA-PBC,” in Proc. IEEE 53 rd Annu. Conf. Decis.
Control, 2014, pp. 673–678.

[34] J. Acosta, C. de Cos, and A. Ollero, “A robust decentralised strategy for
multi-task control of unmanned aerial systems. application on underactu-
ated aerial manipulator,” in Proc. IEEE Int. Conf. Unmanned Aircr. Syst.,
2016, pp. 1075–1084.

[35] Y. Hong, R. Rashad, S. Noh, T. Lee, S. Stramigioli, and F. C. Park, “A
geometric formulation of multirotor aerial vehicle dynamics,” Nonlinear
Dyn., vol. 107, pp. 495–513, 2022.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



20 IEEE TRANSACTIONS ON ROBOTICS

[36] R. M. Murray, Z. Li, S. S. Sastry, and S. S. Sastry, A Mathematical
Introduction to Robotic Manipulation. Boca Raton, FL, USA: CRC Press,
1994.

[37] D. D. Holm, Geometric Mechanics: Part II: Rotating, Translating and
Rolling. Singapore: World Scientific, 2008.

[38] R. Rashad, “Energy-based modeling and control of interactive aerial
robots: A geometric port-Hamiltonian approach,” Ph.D. dissertation, Univ.
Twente, Twente, Enschede, The Netherlands, 2021.

[39] A. Van Der Schaft, L2-Gain and Passivity Techniques in Nonlinear Con-
trol, vol. 2. Berlin, Germany: Springer, 2000.

[40] A. De Luca and R. Mattone, “Sensorless robot collision detection and
hybrid force/motion control,” in Proc. IEEE Int. Conf. Robot. Automat.,
2005, pp. 999–1004.

[41] A. De Luca, A. Albu-Schaffer, S. Haddadin, and G. Hirzinger, “Colli-
sion detection and safe reaction with the DLR-III lightweight manip-
ulator ARM,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2006,
pp. 1623–1630.

[42] K.-S. Kim, K.-H. Rew, and S. Kim, “Disturbance observer for estimating
higher order disturbances in time series expansion,” IEEE Trans. Autom.
control, vol. 55, no. 8, pp. 1905–1911, Aug. 2010.
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