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Abstract—In robotic applications where the autonomy is
shared between the human and the robot, the autonomous be-
havior of the robotic system is determined considering mainly the
task to be executed and the data collected from the environment
using, e.g., formal methods and machine learning techniques.
Nevertheless, it is important to correctly translate high-level
decision into low-level control inputs in order to avoid an unstable
behavior due to a naive implementation of the autonomy. In
this paper, we propose an energy-based architecture for shared
autonomy that allows to reproduce as closely as possible the
desired behavior while ensuring a robust stability of the robotic
system. The proposed architecture is experimentally validated in
two application scenarios: shared control of a multi-robot system
and variable admittance control in human robot collaboration.

Index Terms—Physical Human-Robot Interaction, Multi-robot
Systems, Optimization and Optimal Control, Human-Centered
Robotics.

[. INTRODUCTION

HE shared autonomy paradigm allows to effectively com-

bine irreplaceable human capabilities, such as cognition
and expertise, with peculiar robot skills, such as a wider
workspace and precision. Nowadays shared autonomy is play-
ing a more and more significant role in many application areas,
exploiting one or more robots. In surgical robotics shared
autonomy is exploited for implementing semi-autonomous
robotics surgery [1], [2]. In industrial applications shared
autonomy allows to improve the execution of several tasks
[3], [4]. In physical human robot collaboration the autonomy
of the robot can be used, e.g., for stabilizing the interaction
[5], for improving the job quality [6]-[8], for role adaptation
[9]. When the human is managing multiple robots, shared
autonomy is almost mandatory and a lot of work has been
done for interacting with a group of robots [10]-[12].

In shared autonomy, the behavior of the robotic system
depends both on the human input and on the autonomy
allocated to the robotic system itself. The input of the human,
provided either remotely (e.g. by teleoperation) or locally (e.g.
by physical interaction) is blended with the autonomy of the
robot. Such a control structure allows the human and the robot
to take care of the most cognitive intensive tasks and of the
lower level tasks respectively. In order to make the human
aware of the behavior of the robotic system, a feedback signal

is generated and sent to the user. Typically, haptic signals
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are employed (see e.g. [11], [13] for further details). For the
execution of a simple task in a static environment, a single kind
of autonomous behavior, which can be implemented through
a predefined control architecture, is sufficient (see e.g. [12]).
Nevertheless, shared autonomy systems have often to deal with
complex tasks where the robotic system needs to interact with
a variable and dynamic environment. In these cases, a high-
level autonomy allocation strategy that takes care of adapting
the autonomous behavior of the robot and of sending the
corresponding control commands, is necessary.

The impressive advances in machine/deep learning, in for-
mal methods for task description and the availability of
huge datasets have provided robots with an unprecedented
awareness of the environment and of the tasks they have to
execute. This gave birth to several high-level decisions making
strategies that provide control commands for a very flexible
and seamless adaptation of the level of autonomy and for a
contextual assistance to the human (see e.g. [14]-[16]).

Nevertheless, such high-level flexible commands have to
be correctly translated into low-level control actions that
deterministically ensure stability and safety for the human
and for the robot (see [13] for a discussion on this issue).
Thus, it is crucial to design a control architecture that al-
lows to implement the high flexibility achievable by high-
level decision makers into a corresponding safe and stable
behavior. This problem is recently receiving a lot of attention
by the robotics community and several control strategies for
harnessing harmful behaviors have been proposed.

Control barrier functions have been used for generating a
safe approximation of a desired input generated by a Rein-
forcement Learning strategy [17], [18]. Energy-based control
strategies have been used for ensuring the stability when the
interaction dynamics changes in human robot collaboration
[5], model predictive control has also been used for dealing
with possibly destabilizing effects due to learned policies [2],
[19].

Nevertheless, at the best of the Authors’ knowledge, a
general architecture suitable for embedding high-level policies
in a shared control setting in order to optimally implement
the desired behavior while ensuring stability guarantees is
not available yet. Furthermore, when the robot has to interact
with the environment, whose position and dynamics may not
be perfectly known, the problem of guaranteeing a stable
interaction becomes even harder. In fact, it is necessary to
guarantee robust stability, i.e. a stable behavior of the robot
both in free motion and during the contact with an unknown
physical system and during the transition between free motion
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and contact (and viceversa).

Thus, the key features of a control architecture for shared
autonomy are robust stability, for enabling a stable behavior
both in contact/non contact scenarios, and flexibility, for
maximally enabling the reactivity of the high-level decision
strategies.

Passivity based control has been widely exploited for
achieving a robustly stable interaction with an unknown envi-
ronment. The two main reasons behind the success of passivity
in robotics are physical equivalence and modularity. In fact, in
most of the cases, both the controller and the controlled system
are equivalent to a physical system (e.g. mass-spring-damper
in impedance/admittance control [20], distributed mass-spring
system in communication channels with wave variables [21],
nonlinear spring-damper in multi-robot control [22]). This
makes the resulting behavior easier to understand and the
implementation (e.g. tuning) more intuitive. If a controlled
system is passive, it is characterized by a stable behavior.
Furthermore, because of modularity, coupling a passive system
with another passive system (e.g. the environment) leads to a
coupled system that is still passive and, therefore, stable [23].
Finally, it has been recently shown that passivity is a necessary
and sufficient condition for achieving a robust stability [24].

Thus, passivity guarantees both robust stability and a stable
interaction with any, possibly unknown, passive environment.
Passivity based control has been successfully exploited in
bilateral teleoperation [21], [25], [26], in multi-robot systems
control [11], [12], [27], in collaborative robotics [5], [28], [29]
and in many other fields of robotics.

Nevertheless, traditional passivity-based control cannot
achieve a good level of flexibility and implement an effective
shared autonomy architecture. In fact, selecting a specific
passive dynamics may lead to severe limitations on the kind
of behavior that can be achieved. In teleoperation it is often
useful to change the stiffness of the coupling in order to
adapt the interaction to different users/environments (see e.g.
[30]). In human-robot collaboration impedance adaptation is
important for optimizing the interaction [31], [32]. In multi-
robot scenarios it is important that some agents implement
a reactive behaviour (i.e. due to active perception constraints
[33] or to coverage needs [34]) and a fixed coupling with
the other robots may prevent the implementation of a proper
reaction and it can lead to a trade-off suboptimal behavior.

Energy tanks [5], [35], [36] have been introduced for
disembodying passivity-based control from specific physical
dynamics. They are used for storing the energy dissipated
by the system, in order to later re-employ it for reproducing
desired behaviors in a passive way. Using energy tanks it
is possible to achieve an high flexibility while preserving
passivity and, therefore, robust stability.

In this paper we propose a tank based control architecture
for shared autonomy that exploits passivity for ensuring a
robustly stable behavior and that leverages energy tanks for
ensuring a maximally flexible passive behavior. We will not
focus on the design of the strategy, often task dependent, that
needs to be implemented by the high-level decision maker for
generating the desired behavior but rather on the best robustly
stable implementation of a desired high-level behavior.

The proposed system takes a control input that comes from
a high-level decision maker that may not take into account
stability issues. Thus, the proposed architecture derives the
closest input to be applied to the system for guaranteeing a
passive, and consequently robustly stable, behavior.

We will prove that if the desired behavior is passive it can
always be perfectly implemented using the proposed architec-
ture and, therefore, that standard passivity based control is a
particular case of the proposed architecture for shared control.
Furthermore, we will show how to implement the proposed
architecture over a delayed communication channel. The tank
based architecture will be illustrated and experimentally val-
idated on two meaningful use cases: a physical human robot
interaction scenario, where the robot needs to adapt to the
human for guaranteeing a stable behavior, and a multi-robot
shared control case, where the human teleoperates a fleet of
robots that need to keep a cohesive behavior. Thus, thanks
to the proposed architecture, it will be possible to achieve
a shared autonomy system that can flexibly and seamlessly
adapt the autonomy of the robotic system while preserving a
robustly stable behavior.

Some preliminary results of this paper have been presented
in [37] and in [38]. In [37] energy tanks have been used
for passively implementing an interconnection among passive
agents, but the concept of optimal passive implementation
was not present in the paper. In [38], the optimized use of
the energy in the tank is introduced for a physical human-
robot interaction context but shared autonomy systems are not
considered. The main contributions of this paper are:

o A general control architecture for shared autonomy that
enables the flexibility necessary when the human is
sharing the authority with a robot and that guarantees
a robustly stable interconnection.

o A framework for extending the proposed architecture over
delayed communication channels.

o A shared control strategy for a collaborative robotic sys-
tem and for a multi-robot system exploiting the proposed
architecture.

« An experimental validation of the proposed architecture
on a collaborative scenario and on teleoperation of a
multi-robot system scenario.

This paper is organized as follows: in Sec. II the related
works are analyzed and the novelty of the architecture pro-
posed in the paper is highlighted. In Sec. III the problem
addressed in this paper is stated and in Sec. IV the concept
of modulated tank is introduced. In Sec. V the main ener-
getic infrastructure for flexible and robustly stable interactive
control is presented and in Sec. VI a strategy for making
the controllers robust with respect to communication delay
is illustrated. In Sec. VII the overall energy-based control
architecture for shared autonomy is derived and in Sec. VIII
it is specialized for implementing a variable admittance con-
trol. In Sec. IX the proposed architecture is experimentally
validated on a multi-robot scenario and on a physical human-
robot collaborative system. Finally, in Sec. X conclusions are
drawn.
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II. RELATED WORKS

Passivity-based control has been successfully exploited in the
context of shared autonomy systems.

In many applications, it is possible to reproduce a desired
authority by forcing the robotic system to mimic a passive
physical dynamics. This is the case of dynamic virtual fixtures
[39], where visco-elastic dynamics, the fixtures, are used for
guiding the user or for keeping it away from forbidden region.
Because of the intuitive design and the robust stability due to
passivity, virtual fixtures are widely used in shared control
applications [40]-[42]. When the human is interacting with a
multi-robot system, some authority for reproducing the desired
group behavior (e.g. cohesiveness) is often delegated to the
robot. These fleet behaviors are often obtained by linking
the robots with nonlinear springs and dampers in order to
reproduce a passive and stable dynamics [12], [22], [43].
In physical human-robot interactions impedance/admittance
control [20] is used for defining the way the robot needs
to react to the interaction with the human by reproducing
a desired physical dynamics (e.g. mass-spring-damper) and
this represents a form or authority allocated to the robot.
Several works addressed the use of optimization techniques
in passivity-based control. Optimization problems have been
designed for finding passive stabilizing inputs [44], [45] or for
tuning passivity-based controllers [46].

These approaches can reproduce a desired authority in a
robustly stable way but they are designed for reproducing a
specific target behavior. In a shared authority scenario, the
target behavior can be highly variable and designing a passivity
based control capable of reproducing a wide set of very diverse
behaviors may lead, if any, to a very complex controller.
Thus, standard passivity based controllers are not flexible
enough to dynamically reproduce a highly variable command
coming from the implemented authority (e.g. add/remove
virtual fixtures, change the stiffness of the coupling among
some robots in a swarm, change the inertia in an impedance
controller).

Interpreting passivity as a byproduct of a physical em-
bodiment, i.e. a specific physical dynamics, leads to over-
conservative choices (e.g. do not change the physical dy-
namics) for preserving passivity and, therefore, to a lack of
flexibility. Actually, passivity is an energetic property and
a specific (physical) dynamics is just an instantiation of a
specific energetic behavior. By taking this point of view, it
is possible to implement a much more flexible passivity-based
control.

The time domain passivity approach (TDPA) [47] does not
pose limits on the dynamic behavior to reproduce. It monitors
the energy flowing through the system and it activates a
variable damper for dissipating the excess of energy due to
non passive behaviors. TDPA has been successfully exploited
in shared authority applications [48], [49]. TDPA is a reactive
approach and, therefore, the passifying damping action can
lead to passive behaviors that are quite different from the
desired ones. The Passive Setpoint Modulation (PSPM) [50]
guarantees passivity by modulating the signal to be sent to the
robot controlled by a PD and it has been successfully applied

to shared authority applications [51]. PSPM flexibly handles
the passivation but the necessary presence of the PD introduces
a distortion on the reproduced dynamic behavior.

Energy tanks [35] can be used to separate the passivity
problem from the desired target behavior, acting as a sort of
passivity filter, allowing to passively reproduce any desired
control dynamics (e.g. time-varying, discontinuous), accord-
ing to a task-dependent heuristic, while keeping the control
architecture very simple.

Energy tanks have been successfully exploited for achiev-
ing high-performance teleoperation systems by splitting the
passivity constraint from the desired performance [35], [36],
[52], [53], in multi-robot systems for passively implementing
behaviors that would have been impossible to achieve by
reproducing a specific physical dynamics [11], [27], [28],
in force control for overcoming the limitation of traditional
algorithms [38], [54]-[57], in human-robot collaboration for
flexibly adapting the interaction [5], [58], [59] and in teach by
demonstration for enabling a passive stiffness variation [60],
[61].

The current energy tank-based approaches have two main
limitations. First, since the tank stores mainly the energy dissi-
pated, it is necessary to know the model of the system the tank
is interconnected to. Second, there is the need of a strategy for
passively approximating non-passive actions without depleting
the tank. There is no clear guideline on the definition of
such a strategy and many task dependent heuristics have been
proposed in the literature. These task-dependent heuristics can
lead to a sub-optimal passive approximation of the desired
control action and, consequently, to sub-optimal performance.

The control architecture proposed in this paper allows to
reproduce any passive dynamics and, therefore, it can replicate
all the passivity-based approaches for implementing a specific
target behavior.

Furthermore, the proposed control strategy represents a
significant evolution on energy tank-based control, as it over-
comes the current limitations of standard energy tank-based
controllers. In fact, using the proposed architecture, the energy
tank stores the energy that can be exploited for passively
reproducing a desired input without requiring the model of the
system it is connected to. This overcomes the first limitation
of current energy tank-based control, making the proposed
architecture more robust with respect to the state of the art.
Additionally, given a desired input to implement using the
energy in the tank, its best passive approximation can be found
by solving a convex optimization problem. This eliminates the
need of finding heuristics for building a passive approximation
of a non-passive input and it overcomes the second limitation
of current energy tank-based controllers.

The proposed control architecture allows to achieve the best
passive approximation of a desired control input by solving an
optimization problem. Unlike TDPA and PSPM, it does not
resort to ancillary dynamics for passivation. In fact, while extra
passivating dynamics allow to achieve in a physically intuitive
way a passive approximation of the desired behavior, they
also introduce spurious dynamic effects (due to their dynamic
nature) on the passivated output and they do not usually
allow to obtain the best passive approximation. Energy tanks
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are free from extra passivating dynamics, but they still fail
to implement an optimal approximation of a desired control
action due to the second limitation mentioned above.

The problem of optimally passifying a desired dynamics has
been recently addressed in [62], where a passivity constraint is
embedded in an optimization problem for generating a passive
control input. The passivity constraint is computed by keeping
track of the power available at each instant of time, leading to
an overly conservative approach. Thanks to the energy tank,
the architecture proposed in the paper formulates the passivity
constraint in the optimization problem exploiting the energy
available up to the current instant of time. This makes the
solution that can be found less conservative and it allows to
find better passive approximation.

In summary, the paper proposes a novel energy tank-based
architecture that can generate the best passive approximation
of a desired dynamics, without the need of knowing the model
of the system and of defining an heuristic for the use of energy.
Furthermore, no ancillary dynamics are needed and, therefore,
no spurious effects are introduced. This allows to generate a
variable authority in a robustly stable and flexible way using
a very simple control architecture.

Thus, when integrated in a shared autonomy system, the
proposed architecture allows to dynamically filter the com-
mands of the autonomy allocation strategy in order to op-
timally reproduce the desired autonomy in a robustly stable
way.

III. PROBLEM STATEMENT

We consider a shared autonomy architecture, where a robotic
system, formed either by a single robot (e.g. a robotic arm)
or by several robots (e.g. a multi-robot system), is controlled
partly by the human operator and partly by an autonomy
allocation strategy. The human operator can interact with the
robotic system either directly or by means of a local robotic
device through teleoperation. The autonomy allocation strategy
can generate commands that may produce unstable behaviors.
We will build a control architecture for passively reproducing
the commands requested by the autonomy allocation strategy
in order to achieve an optimal robustly stable behavior of
the robotic system. We will develop our architecture for the
general case in which the human remotely controls a group of
robots through a local device by teleoperation and where an
autonomy allocation strategy decides the autonomous behavior
of all the robots. We will then show how the proposed
architecture can be reduced for a simpler case where the
human directly interacts with the robot (i.e. no local device, no
teleoperation dynamics) and where the robotic system consists
of a single robot.

More formally, consider a robotic system made up of N
robots modeled by the following Euler-Lagrange equations:

M, (x4)%; + Ci(x4, %)% + Di(x:)%; = —F¢, + Fr, + Fg,
i=1,...,N,
ey
where x;,%; € R" are the pose and the velocity of the robot
and we set v; = X;. M; > 0 and D; > 0 are the positive

definite inertia matrix and the positive semi-definite damping

matrix, respectively, while C;(x;,%;) represents the Coriolis
terms. The force Fr, € R™ is the input for connecting the
robot with an external device that can be used by the human
to control the robot itself, Fp, € R™ is the force due to
the interaction with the environment, while Fo, € R" is the
control input. More specifically, Fo, = Feont, + Fint, € R”
where F .., is the control input for shaping the i robot
behavior and Fi,:, = Zjvzl Fint,; is the force due to the
dynamic interconnection with the other robots.

Based on the knowledge of the task and on the processing
of the external data (e.g. semantic perception, real time data
from the user), without necessarily considering low level
stability issues, an autonomy allocation strategy dynamically
provides to each robot the desired behavior and the desired
interconnection with the other robots, i.e. a desired value
Ff (t) = Fl,.(t) + FS, (t) € R". For example, the
autonomy allocation strategy can decide to stiffen the inter-
active behavior of an admittance/impedance controlled robot
in certain working phases or it can decide to produce a novel
cohesive behavior of a multi-robot system by changing the
dynamic interconnection among the robots.

The human operator can interact with the robotic system
by means of a local device coupled to the robotic system. In
the following, we will use the term local device to indicate
the device at the operator side and remote robot to define the
robot which interacts with the environment. The local device
is described by

Mi(x)% + Ci(xi, %)% +Di(x)% =Fu +F;, (2

where x;,%; € R™ are the pose and the velocity of the robot.
M; > 0 and D; > 0 are the positive definite inertia matrix and
the positive semi-definite damping matrix respectively while
C(xy,%;) represents the Coriolis terms. The forces Fy, F; €
R™ are the forces exerted by the human and the input force
connecting the local device to the robotic system. In order to
make the notation more compact, we introduce the following
notation

Fr, Fg, Fc,
FR = : FE = FC = :
Fry Fg, Fc,
3
F¢, X
F‘é = v =
F¢. Xy

Furthermore, we will set v; = x;.

We aim at designing a control architecture for optimally
reproducing the behavior determined by the autonomy allo-
cation strategy while guaranteeing stable behavior. In other
words, the control strategy has to guarantee:

« Robust Stability, i.e. the robotic system has to behave
in a stable way both in free motion and during the
interaction with the environment. We will achieve this
result by ensuring the passivity of the overall controlled
system.

« Flexibility, i.e. to control the robotic system in such a
way to follow as closely as possible the desired inputs
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Fig. 1. The considered shared autonomy scenario. The robotic system can
be controlled by the human, through a local device coupled with the robots,
and by the autonomy allocation strategy. The desired control input produced
by the autonomy block is elaborated by the control architecture whose aim is
to produce the desired behavior as faithfully as possible while guaranteeing
robots stability.

provided by the autonomy allocation strategy. This will
be achieved by exploiting energy tanks and by optimizing
the control input based on the available energy.

An illustration of the problem addressed in the paper is
provided in Fig. 1. The shared autonomy system consists of
a robotic system that can be controlled by the human and
by an high-level autonomy allocation strategy. The human
commands are transmitted by means of a local device properly
coupled with the robots. The commands of the autonomy
allocation strategy are transmitted to the robots through the
control architecture whose aim is to reproduce ch as faithfully
as possible while preserving a stable behavior of the overall
system.

In this way, the autonomy allocation module can be max-
imally flexible in defining the desired control inputs, i.e.
disregarding motion/contact stability constraints, and the pro-
posed architecture will minimally perturb the desired input
for generating a maximally flexible and stable behavior of the
system.

IV. PASSIVITY AND MODULATED ENERGY TANKS

In this section we introduce the concepts of passivity and
of modulated energy tank. We will provide the definition
of passivity and the main results used in the paper and we
will show how to use modulation for reproducing any desired
behavior exploiting the energy stored in the tank. For further
information, the reader is addressed to [38].

Consider the following nonlinear system

= { 0 = 60 et @
A(t) = ¢(x),

where x € RP and pu, A € R" are the state, the input and the
output of the system. The vector field ¢ : R? — RP represents
the internal dynamics of the system, n : RP — RP*" is a state
dependent input matrix and ¢ : RP — R" is the output map.

Definition 1. [63] The system 3 is passive with respect to the
pair (p, X) if there is a function of the state, called storage
function, V : RP — RT such that the following balance holds
forallt > 0:

AuWﬂMﬂmZVuﬁD—VWWDZ—WMW)6)

The pair (i, A) is called power port, or simply port, of the
system. The product pu” X is the (generalized) power crossing
the power port.

Passive systems are characterized by a stable behavior: if
left free to evolve (i.e. p = 0) their equilibrium configurations
are (locally) stable; if the input is bounded, then the output
is bounded as long as the inequality in (5) is strict. More
information can be found in, e.g., [63], [64].

Passivity-based control consists of designing a control strat-
egy that makes the controlled system dynamics passive. This
allows to achieve stabilization goals and to intuitively set
the desired transient (see e.g. [63], [64] for more details).
In robotics, passivity-based control has been successfully
exploited both for stabilization purposes and for achieving
desired dynamic couplings between the robots and the envi-
ronments they are interacting with. Besides having proven very
effective, making the dynamics of the controlled robot passive
is also necessary for maintaining a stable behavior when the
robot is interacting with the environment, as proven in [24].

The energy tank [35], [36] is an energy storing element
represented by the following dynamics:

j’.t = Ut
6
{%—%—m, ©
where z; € R is the state of the tank and (us,y;) € R x R is
the power port through which the tank can exchange energy
with the rest of the world. The energy stored in the tank is
given by

1
T(xt) = 5:10? (N
and, combining (6) with (7), it is easy to show that
T = uys. ®)

The tank is not associated to a physical dynamics, it is just
an element storing/releasing energy through its power port
(Uu yt)-

The energy stored in the tank can be used for reproducing
any desired behavior for a generic input/output port (u,y) €
R? x RY by implementing the following modulation between

(ut7 yt) and (u7 Y)

u = aT (tu
{ y = a(t)y, ®
where a(t) € R? is given by
_®
a(t) = . (10)

and ~y(t) € RY is the desired value for the output y(¢). From
(9) it follows that

(1)

that means that the power crossing (u,y) is the same as the
power crossing the power port of the tank (u,y:). In other
words, no power is generated or dissipated by the modulation.
By plugging (9) in (6) we get the modulated energy tank that
is represented by

u’y =u"a(t)y = wy,

{ i =aT (t)u (12)

y = a(t)yr = (1)
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The modulated tank (12) is endowed with a power port
(u,y) € R? x R? and the modulation term a(t) allows to
exploit the energy in the tank for reproducing any desired
value +(¢) for the output. When interconnecting a robot to the
modulated energy tank, the pair (u,y) will be a force-velocity
pair. In this way, thanks to the modulation, the energy in the
tank is transformed into mechanical energy.

Because of the singularity of (10), the desired port-behavior
cannot be implemented when z; = 0. This mathematical
condition has a deep physical implication. In fact, from (7)
it follows that having x; = 0 means that no more energy is
stored in the tank and, therefore, nothing can be implemented.
Thus, in order to avoid singularities in (12), it is necessary to
initialize x; in such a way that T'(2;(0)) > € and to guarantee
that T'(x,(t)) > e, where € > 0 is a lower bound for the energy
stored in the tank. If the energy requested for implementing a
desired port behavior exceeds the amount of energy stored in
the tank, only an approximation of the desired output can be
implemented. Several heuristics for approximating the desired
output are available in the literature [11], [36], [54], [65].

It is possible to prove that the modulated tank (12) imple-
ments a passive exchange of energy as long as the tank is not
empty.

Proposition 1. If T'(z:(0)) > ¢ and T(x¢(t)) > € for all

t > 0, then the modulated tank (12) is passive independently
of the desired value ~(t).

Proof. From (12) and (7) we have that

T="—i,=zal (tHhu=yTu, (13)

6$t
where the last equality can be obtained by (9) considering the
definition of y; in (6).
The balance in (13) leads to

which proves the passivity of (12). 0

Thus, as long as the tank is not empty, it is possible
to passively implement any desired port behavior using the
energy stored in the tank.

If the energy initially stored in the tank is sufficient, then
it is possible to reproduce any passive port-behavior using
(12) without ever depleting the tank and, therefore, avoiding
singularities in (10). A similar result has been proven for
energy tanks and single port systems interconnected to passive
plants in [66]. In this paper, we extend this result to general
multi-port passive dynamics and modulated energy tanks.

Proposition 2. Let S be a system passive with respect to M
ports (Uy,(t), ¥, (t)) € RT X R? for i =1,..., M using the
non negative storage function S(t). If x+(0) is chosen such
that T(z,(0)) > S(0) + ¢, then the ports behavior can be
reproduced by the modulated tank (12) without depleting the
tank.

Proof. Define u,,y, € R¥ as

uO’l yU’l

u, = Yo = (15)

You
The port-behavior of S can be reproduced by feeding (12)
with u = u,, and by setting vy(¢) = y, in (10).

Since S is passive with respect to (u,,(t),ys,(t)) for i =
1,..., M we have that

Ugy,

> [ e rir = [l @ya (e > 50)-500).

(16)
From (14) we have that

t
/ u:‘:(T)yg(T)dT = T'(z:(t)) — T(x+(0)). a7
0
Thus, from (16) and (17) we have that:

T(z(t)) = S(t) = S(0) + T(2:(0)) = =5(0) + T(2:(0)),
(18)
where the last inequality derives from the non negativity of the
storage function S(¢). Since T'(x¢(0)) > S(0)+¢ we have that

T(xe(t)) > Vt>0, (19)
which proves the statement. O

This result shows that passivity can be completely disem-
bodied from any physical dynamics and that it depends only
on the way energy is used. In fact, the port-behavior of any
passive system can be implemented through the energy flow
of the tank, a generic energy storing element.

From Proposition 1 we have that any dynamics that does
not deplete the tank is passive. On the other hand, from Propo-
sition 2 we have that, as long as some initial conditions are
satisfied, any passive dynamics can be implemented without
depleting the tank. Thus, we can conclude that a dynamic
system is passive if and only if it can be perfectly reproduced
without depleting the tank. In other words, the tank represents
an abstraction of all passive dynamics.

Remark 1. If too much energy is stored in the tank, it
may happen that practically unstable behaviors can be im-
plemented, as shown in [50]. This problem can be solved by
saturating the energy tank as shown in [5], [36]. In order to
keep the presentation simple, we do not consider the saturation
in this paper. All the results keep on holding also for saturated
tanks.

V. MODULATED TANK BASED CONTROL

In this section, we exploit the concept of modulated energy
tank for building a control strategy for implementing the
desired control action F¢ for the robotic system defined in
Sec. III while ensuring passivity (i.e. robust stability) and
flexibility of the behavior of the robots. This control strategy
will be the main ingredient of the energy-based architecture
for shared autonomy.

The modulated tank-based control is illustrated in Fig. 2.
The robotic system is made up of the NV robots described by
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Fig. 2. The modulated tank-based control scheme. The input and the output of
the modulated tank are the velocities of the robots v(t) and the control forces
to be applied F ¢ (t), respectively. The autonomy allocation block generates
the desired control input ch(t) to be sent to the optimization block. The
optimizer computes the closest passive approximation Fg (t) of the desired
behaviour F% (t) by solving (24) via a convex optimization solver.

(1) and it can be modeled as a single Euler-Lagrange model
given by

M(x)% + C(x,%)% + D(x)X = ~Fc + Fr + Fp, (20)
where x = (x7,...,x5)T and x = (%T,...,%5)T = v.

The inertia, Coriolis and damping matrices are block diagonal
matrices given by M(x) = diag(Mi(x1),..., Mpy(xn)),
C(x,%) = diag(C(x1,%1),...,C(xn,%Xn)) and
D(x) = diag(Di(x1),...,Dn(xn)) respectively. The
terms Fo,Fp, Fp € RV represent the control inputs, the
inputs due to the interaction with the local device and the
force due to the environment, respectively, and they are
defined in (3).

The total kinetic energy of the robotic system is given by

N
K=>" lkiTMi(xi))'(i = %)’(TM(X)X Q1)
=1

and it is well known, see e.g. [23], that (20) is passive with
respect to the pair (—F¢ + Fr + Fg,v) using as a storage
function the kinetic energy X and, consequently, the following
power balance holds:

t
/ (=Fc(r) + Fr(r) + Fp(r)"v(r)) dr > K(t) - K(0).

’ 22)
A modulated energy tank (12) endowed with a power port
(u,y) € R"™ x R is interconnected to the robotic system
by means of the following interconnection

{ y = ~(t) = FA(b). @3

The input and the output of the modulated tank are the
velocities of the robots and the control forces to be applied. At

each instant of time the autonomy allocation strategy generates
a desired control input F¢ (t) which is sent to an optimization
block. The optimizer, considering the energy available in the
tank and the desired behavior, computes the closest passive
approximation FE(t) of the desired behavior F&(t). The
output of the optimizer is then used for modulating the way
the energy of the tank is exploited by setting v(¢) = FE(¢)
in (10).

The role of the optimization in the control architecture
is crucial since applying F&(¢) directly to the modulation
of (12) can lead to a loss of passivity. In fact, if FZ(t)
corresponds to a non passive behavior, its implementation can
lead to a depletion of the tank and, consequently, the results of
Proposition 1 are not valid anymore and a singularity appears
in (10). This problem can be faced by considering the tank
as a sort of filter, i.e. by preventing the implementation of a
control action that requires more energy than the one stored
in the tank, as done e.g. in [35], [54], [67]. Nevertheless, this
simple strategy can lead to a big loss in terms of efficiency
since the implemented dynamics can significantly differ from
the desired one.

In this paper, we propose to consider passivity as a con-
straint to satisfy during the implementation of the desired
control action. This allows to recast the problem of passively
reproducing the desired input into an optimization problem.
According to Proposition 1, it is sufficient to guarantee that
T(z(t)) > € in order to ensure the passivity of (12). Thus,
given a desired control input F&(t), it is possible to find
its best passive implementation F£ (¢) by simply solving the
following optimization problem.

min [[FE(1) - FE (1))

(24a)
F&()

T(z(t)) > ¢ (24b)

Then, by setting v(t) = FE(t) in (10) it is possible to imple-
ment the best passive approximation of the desired behavior
without depleting the tank and, consequently, guarantee the
passivity of the modulated tank.

In order to take (24) in a more amenable form, the passivity
constraint (24b) can be reformulated in such a way that it
contains the variable to optimize. Since y(t) = v(t) = FE(t)
and since, from (23), u(t) = v(t), from (14) we can rewrite
(24) as:

min [|[FE(t) — FE (1)) (252)
FE(t)

t
/ vI(T)FE(r)dr > —T(24(0)) + ¢ (25b)
0

Thus, solving online (25) it is possible to find the best
passive implementation of any desired control action F% (t).
Furthermore, if the desired control action induces a passive
behavior, as shown in Proposition 1, the passivity constraint
(25b) is always satisfied. This means that, using the architec-
ture represented in Fig. 2, it is possible to reproduce exactly
any desired control input corresponding to a passive dynamics.
If the dynamics corresponding to the desired input is not
passive, its best passive approximation is implemented.
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The formulation of the optimization problem in (25) may
seem complicated because of the presence of an integral
constraint. Nevertheless, when considering a discrete time
implementation, (25b) can be rewritten as:

D VIGEOFE(i6)E = v (kFE(kE)E+
=0

k-1
+ Y VIGFE(i6)E = ~T(w(0) +2, (26)
i=0
T(2:((k—1)€)) =T (x+(0))
where ¢ > 0 represents the sampling time. The term
SiZ0 VI(EFE(i€)E = T(ws((k — 1)€)) = T(24(0)) repre-
sents the amount of energy accumulated in the tank up to time
(k—1)¢. From (26), we can formulate the passivity constraint
as:

VE(ROFC(REE > e — T(xi((k — 1)E)),

which clearly states that the energy for implementing the
control action at the time step k£ must not be greater than
the energy available in the tank.

Thus, (25) can be reformulated as the following convex
optimization problem:

27)

min [|FE (k) — FE(RE)|? (28a)
FE (k)
A(KOFE(KE) > B((k — 1)€) (28b)

where A(k¢) = &vT(k€) and B((k — 1)€) = ¢ — T(z:((k —
1)6).

The solution of the convex optimization problem in (28) is
very simple and it allows to minimize the cost function (28a)
subject to the constraint (28b) that guarantees that the solution
does not deplete the tank. Since (28b) is a linear constraint
and, by construction, € — T'(z:((k — 1)§)) < 0, (25) is always
feasible and, in particular, FE =0 is always an admissible
solution. Because of its low complexity, (28) can be easily
solved online. The CVXgen solver [68] has been adopted for
the experiments and it was possible to solve the optimization
problem in real-time at 500 Hz without missing a sample. Any
other equivalent solver can be used. Thus, the optimization can
be easily solved online by updating the passivity constraint
with the information coming from the tank.

Remark 2. Non negligible regenerative effects can appear
when discretely integrating the tank dynamics at small sam-
pling frequencies [69]. These effects can be either integrated
in the passivity constraint, using the strategy proposed in [38],
or avoided using a passive discrete integrator (e.g. [70]).

It is now possible to show the following result.

Proposition 3. Consider (20) interconnected to (12) through
(23), where FE(t) is obtained by solving (25). The controlled
system is passive with respect to the pair (Fr + Fg,v).

Proof. Consider the following non negative storage function
H=K+T, (29)

where C is the kinetic energy of the robots defined in (21)
and T is the energy stored in the tank defined in (7). Since

Thus, from Proposition 1, we know that the modulated tank is
passive with respect to the pair (u,y) = (u,FE). Since (20)
is passive with respect to the pair (—F¢ + Fg + Fg,v), we
can write:

FL(t) is obtained from (25), T(x.(t)) > e for all ¢ > 0.

/0 V() (—Fe(r) + Fa(r) + F(r)) dr+

—i—/o uT (T FE(r)dr > K(t)—K(0)+T(x:(t)) =T (x:(0)) =

=H(t) — H(0) > —H(0). (30)

Using (23) in (30) we get

t
/ vI(7) (Fr(t) + Fr(r))dr > —H(0), (31

0
which concludes the proof. O

Remark 3. When the behavior to reproduce is not passive,
it can happen that only a little energy is left in the tank
and, consequently, that the implemented input is far from the
desired one. It is possible to harvest some energy to refill the
tank by adding a (variable) damper to the controlled system.
In this way, some energy is extracted from the robots and
stored in the tank. Several techniques for energy harvesting
have been proposed in literature (see e.g. [11], [71]).

Using the proposed architecture, it is possible to reproduce
exactly the desired behavior in many cases. In fact, if the
desired control input reproduces a passive behavior or if the
energy in the tank is sufficient for counterbalancing the energy
produced by a desired input, (25) always admits as a minimum
norm solution the desired control input and, therefore, the
control performance after the optimizer are exactly the desired
ones. If the energy produced by the desired control input
cannot be compensated by the energy stored in the tank, the
solution of (25) is the best passive implementation of the
desired control input, which guarantees a stable behavior but
at the cost of a degradation, the smallest, of the performance.

VI. COMMUNICATION DELAY IN MODULATED TANK
BASED CONTROL

The modulated tank-based control strategy proposed in Sec. V
assumes a negligible communication delay among the robots.
This allows multiple robots to share the same modulated
energy tank and to exploit its energy for producing the local
control and the interconnection inputs of all the robots.

When the number of robots increases or when the robots
are deployed on a wide area, it may happen that the commu-
nication delay becomes significant and, therefore, the use of
a single shared modulated energy tank as shown in Sec. V is
not possible anymore. In fact, the delay prevents the agents
from directly exchanging energy with a shared tank and, if not
properly handled, can destroy the passivity of the energetic
interconnection (see e.g. [23]).

In order to address this problem, it is convenient to endow
each robot with a modulated tank and to reproduce a shared
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Fig. 3. The delayed modulated tank control strategy. Each tank can exchange
power (red arrows) and signals (blue arrows) over a delayed communication
channel. The signal s;; contains any kind of information (e.g. position,
velocity, force) that the robot shares with its peers and that can be used by
the autonomy allocation modules for determining the desired control input.

energy tank by a proper exchange of energy over the com-
munication channel. The delayed modulated tank control is
represented in Fig. 3.

Each robot is represented by (1) and it is passive with
respect to the pair (v;,—F¢, + Fgr, + Fg,) with respect to
the kinetic energy KC; = %XZTM(XZ)XZ Thus the following
balance holds

ot
Ki(t) = Ki(0) < / Vi (T)(=Fc,(7) + Fg, (1) + Fp, (7))dr.
’ (32)

Each robot is endowed with a local modulated tank that can

exchange power through a communication channel:

{ ay, = a (w; + 5~ (P"(t) — PPU(1))

i=1,...
Yi = al(t)ytv‘, =% (t)

N,

(33)
where P{" PPt > ( are the power received from/sent to
other robots over the communication channel, respectively.
The addition of the term -1 (P{"(t)— P?"*(t)) in (33) enables
storing/releasing the exchanged power into/from the tank. In
fact, the energy stored in the tank is given by T;(x¢,) = lx?i

2
and the following power balance holds:

T; = yla; + PI" — PP, (34)
that clearly shows that the energy stored in the tank depends
also on the power flows exchanged with the communication
channel.

Exploiting the information (e.g. position, velocity, force)
exchanged by the robots over the communication line (indi-
cated by the blue lines in Fig. 3), a local authority allocation
module generates the desired control action ng, i.e. the
desired interconnection with the other robots and the desired
local control.

The power port (u;,y;) € R™ xR" of (33) is interconnected
to the i** robot by

{ u;(t) = v;

35
yi =7:(t) =Fg, (33)

where ng is the best passive approximation of FdQ computed
by solving a convex optimization problem that can be easily

obtained starting from (34) following the steps presented in
Sec. V.

Thus, each robot behaves passively and it can implement
any desired local behaviour and/or interconnection with the
other robots in a passive way. The desired behaviour can be
computed exploiting local data or information coming from the
other robots, generically denoted with s;; in Fig. 3. Computing
Fé, using delayed information can likely lead to a non passive
desired behavior but, thanks to the optimizer, only its best
passive implementation is reproduced, guaranteeing flexibility
and robust stability of the system.

Nevertheless, relying only on a local tank can lead to
a shortage of energy and, consequently, to a decrease in
performance. In fact, as shown in [71], it can happen that the
overall energy stored in the tanks is sufficient for achieving
good performance for all the robots but that the energy is
not properly distributed (e.g. the tank of one robot has too
much energy and the tank of another robot is almost empty).
Allowing the modulated tanks in (33) to exchange power, it is
possible to create an energetic connection through which the
tanks can share energy.

Let Pi‘;-“t, Pfjn > 0 be the power that the tank ¢ sends to the
tank j and the power that tank ¢ receives from tank j, where
i,7 € {1,...,N}. If robot i and robot j cannot communicate
(e.g. occlusion, very big distance), then Pf;“t 0. If the
communication is possible, the amount of power sent depends
on the specific power sharing strategy and it is application
dependent. It can be a constant power flow P > 0 as long as
some energy is available in the tank, the power dissipated by
the robot [36] or an amount of power due to a request from
another agent [71]. We assume that Pj" = P2*t = 0, i.e. a
tank cannot send or receive energy to/from itself.

For each modulated tank (33) we have that

ou N ou
P t= Z j=1"1j i (36)
- Z]:l ij

and, since the power is exchanged over a transmission line,
we have

t— 51‘3‘),

where §;; > 0 is the constant communication delay between
robot ¢ and robot j.

P (t) = P (37)

Proposition 4. Consider N robots modeled by (1) intercon-
nected to the modulated tank (33) by means of (35). If the
power inputs of (33) are defined as in (36) and if the power
is exchanged over the communication channel according to
(37), then the overall system is passive with respect to the
pair (Fr+Fg,v).

Proof. The power flowing into the communication channel is
given by:

N
Py (t Z PYUi(t) = > PiM(t) (38)
i=1
Considering (36) and (37), we can rewrite (38) as:
ZZPOut Z Zpout t_ (5 ) (39)

=1 j=1 =1 j=1
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By swapping the indexes in the second term, (39) can be
reformulated as:

N N
Pon(t) = > > Py (t) — PG (t — 655) =t Hen(t), (40)

i=1 j=1
whence

(41)

Ha =323 [ Py

i=1 j=1

where, since Pi‘}“t(t) > 0, H., is the non negative storage
function representing the amount of energy stored in the
communication channel.

Consider now the following storage function

N N
W=> Ki+» T+ Hea,
=1 =1

where KC; is the kinetic energy of each robot and T; is the
energy stored in (33). From (32), (34), and (40) we have that

(42)

> | VI (r) + Fau(r) + Fe, ()it
N t
+3 [ WTORE @+ R ) = P ldr+ [ Py >

N
>3 [Kit) + Ti(t) = Ki(0) = Ti(0)] + Hen(t) — Hen(0).  (43)

Considering (38), (35) in (43) and the non negativity of K;,
T; and of H., we can write:

/0 VT (7)(FR(r) + Fr(r))dr >
N
> —Ki(0) = Ty(0) — Hen(0) = =W(0), (44)
=1

thus concluding the proof. L

The exchange of power among the tanks allows to share
the power among the robots without violating the passivity
of the overall system. The communication channel acts as a
storing element, where the energy traveling from one tank to
the other is stored. In this way the system composed by the
energy tanks and by the communication channels behaves as
one distributed energy reservoir shared among all the robots.

VII. ENERGY-BASED CONTROL ARCHITECTURE FOR
SHARED AUTONOMY

The modulated energy tank architecture presented in the previ-
ous sections is the main ingredient for building a flexible and
robustly stable energy-based control architecture for shared
autonomy. The proposed architecture is represented in Fig. 4.
The autonomy allocation strategy generates the desired control
input F&(¢) for the robotics system. The optimizer finds the
best passive approximation FE(t) of F&(t) by considering
the energy stored in the tank 7'(¢) as shown in Sec. V.
The controlled system is passive with respect to the pair
(Fr + Fg,v) as shown in Proposition 3. In case of a non

I p— e e
Coupling ¢ System

[*; | Robot [7
Modulated

Energy Tank
T FE

3

Human

Autonomy
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Fig. 4. The energy-based control architecture for shared autonomy. The
robotic system can be controlled by the human, through the local device and
by the autonomy allocation strategy. In particular, the autonomy allocation
block generates the desired control input Fé(t) for the robotic system.
The optimizer finds the best passive approximation FZ(t) of F&(t) by
considering the energy stored in the tank 7°(¢). Then, the modulated energy
tank provides as output the control forces to be applied.

negligible communication delay among the robots composing
the robotic system, the strategy illustrated in Sec. VI can be
exploited for guaranteeing a flexible and energetic consistent
behavior. The overall controlled system keeps on being passive
with respect to the pair (Fg + Fg,v) as shown in Proposi-
tion 4.

Thanks to passivity, a robustly stable behavior of the robotic
system, both in free motion and while interacting with any
external, passive, environment, is guaranteed. Moreover, the
abstraction provided by energy tanks disembodies passivity
from any specific dynamics and this brings two advantages.
First, it is possible to achieve a high level of flexibility,
which is of paramount importance for shared control systems.
Second, independently of the nature of the desired input (e.g.
discontinuous, switched, time-varying), no extra theoretical
machinery (e.g. hybrid system theory) is necessary for proving
the stable behavior of the robotic system. In order to preserve
a robustly stable behavior when interacting with the user,
we propose to couple the local device port (F;,—%;) to
the controlled robotic system port (Fr, —v) using a passive
coupling. This means that the following balance holds:

t
/ [=F[ ()% () = Fr(r)v(r)ldr > C(t) - C(0) > ~C(0),

’ (45)
where C(t) is a non negative storage function representing the
amount of energy stored in the coupling dynamics.

The coupling can be implemented using one of the strategies
available in the teleoperation literature both for non delayed
communication (e.g. dampers [11], PD [72]) and for delayed
communication (e.g. [26], [35], [50]) between the local and
the remote robotic systems.

The passivity of the overall system follows from the pas-
sivity of the interconnection of passive systems.

Proposition 5. The energy-based control architecture il-

lustrated in Fig. 4 is passive with respect to the pair
(FLFR)T, (& vH)T).

Proof. The local device is modeled as an Euler-Lagrange
system (2) and, therefore (see e.g [23]), it is passive with
respect to the pair (F; + Fy,%;) and the following balance
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holds:

t

/ [Fy(7) + Py (r)] T (r)dr > Ki(t) — Ki(0) > —Ky(0),

’ (46)
where IC; = %xlTMl (x;)%; is the kinetic energy of the local
device.

According to Proposition 3 or to Proposition 4 in case of
communication delay, the controlled robotic system is passive
with respect to the pair (Fr + Fg,v) and the following
balance holds

t
/ [Fr(r) + Fa(m) v(r)dr > Z(t) — 2(0) > —Z(0),

’ )
where Z = H, as in Proposition 3, in case of no communi-
cation delay among the agents composing the robotic system,
and Z = W, as in Proposition 4, in case of communication

delay.
Considering the passive coupling, by summing (46), (47)
and (45) we get

/0 [Fy(r) + For (7)) S (7)dr + / [Fr(7) + Fr(r)] v(r)dr+

+ / [F7 (r)%u(r) — Fh(r)v(r)]dr = / [P ()% (7)+
+FE(r)v(r)]dr > —Ki(0) — Z(0) —C(0), (48)

which proves the passivity of the system with respect to the
non negative storage function K;(t) + Z(t) + C(¢). O

Remark 4. In shared human robot collaboration, it can
happen that no local device and no coupling are present, i.e.
that the human is directly interacting with the robotic system.
The passivity of the controlled robotic system guarantees a
stable and safe human robot interaction while preserving the
flexibility of the robotic system thanks to energy tanks.

The proposed energy-based control architecture for shared
autonomy allows to achieve a passive (i.e. robustly stable) and
maximally flexible behavior of the robotic system both in free
motion and during the interaction with the environment. The
architecture is general purpose and it can be applied to many
different shared control scenarios.

Remark 5. Despite the possibility of remotely controlling
the robotic system on behalf of the human, the proposed
architecture significantly differs from a traditional bilateral
teleoperation system. In fact, the behavior of the robotic
system is only partially controlled by the user and, therefore,
there may not be a position tracking between local and
remote devices. Furthermore, the force fed back to the user
through the coupling contains the force exchanged with the
environment but also the force due to autonomy allocation
and, therefore, there may not be a perfect force tracking as
intended in teleoperation. Nevertheless, the force feedback is
helpful to inform the user about the overall behavior of the
robotic system (e.g. abrupt variations due to local autonomy
decisions, possible interactions of the robotic system with the
environment).

VIII. ADMITTANCE CONTROL FOR PHYSICAL HUMAN
RoBOT COLLABORATION

Admittance control is a standard control strategy used for
regulating the interaction of a velocity controlled robot with
the environment [20]. The controlled robots mimics a desired
passive behavior (e.g. mass-spring-damper) and the passivity
of the admittance dynamics makes the interaction robustly
stable.

Flexibility is a weak point of standard admittance control. In
fact, the admittance dynamics has to be fixed and it cannot be
changed online. In physical human-robot collaboration this is
a strong limitation. In fact, the human can change its natural
impedance during the interaction with the robot and it may
be necessary to change the admittance dynamics in order to
maintain a stable behavior of the coupled system [5], [31].
Furthermore, adapting online the admittance dynamics can
help to improve the execution of a collaborative task [73].
Several approaches for implementing a variable admittance
dynamics have been proposed in the literature (see e.g. [5],
[31], [61]) but they allow to achieve a limited flexibility.

A variable admittance controlled robot physically collabo-
rating with a human can be represented as a shared autonomy
system. In fact, the human influences the behavior of the robot
by directly interacting with it and the robot autonomously
and dynamically adapts the admittance dynamics based on
the data collected from the human and the environment and
on the task knowledge, where impedance/admittance is often
changed in a feedforward manner. Thus, the energy-based
control architecture proposed in Sec. VII can be exploited
for implementing a robustly stable and maximally flexible
admittance controller. Nevertheless, the general architecture
has to be adapted for considering a velocity input for the robot.

The causality of velocity controlled robot is different from
the one of Euler-Lagrange systems. However, since energy
tanks are “causality agnostic”, the energy-based architecture
can be easily adapted.

Formally, we consider a robot endowed with a high-gain low
level velocity controller (e.g. a PID controller) that allows to
track any desired velocity, i.e. v =~ vg4, where v,vy € RS
are the real and the desired velocity for the robot. The low
level controller compensates the dynamics of the robot and,
using admittance controller, a desired interaction dynamics is
implemented. The energy-based control architecture for shared
autonomy is represented in Fig. 5.

Since the human is directly interacting with the robot, the
local device and the coupling block featured in the general
architecture are not present anymore. The total force acting on
the robot, i.e. F y +F g, the data collected from the human and
from the environment and the knowledge of the task are sent
to the autonomy allocation block that dynamically sets the best
admittance dynamics and computes the corresponding desired
velocity Vqgdm,q(t). The dynamic variation of the admittance
dynamics can lead to a non passive behavior (see e.g. [S]), but
the best passive approximation of the desired velocity can be
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Fig. 5. The energy-based control architecture for variable admittance control.
The desired admittance is computed at each time instant and provides the
corresponding desired velocity Vqqm,q(t) to the optimizer. The optimizer,
considering the energy stored in the tank 7'(t), computes the best approxi-
mation v (£) of the desired behaviour. The output v’ (¢) is then used for
modulating the energy flowing into/out of the energy tank and computing the
desired velocity for the robot.

found by solving the following optimization problem

min IV (t) = Vadm,a(t)|® (49a)
Va

T(x(t)) > € (49b)

where T'(t) is the energy in the tank. The modulated tank
has an admittance causality and it is fed by the total force
F i + Fg acting on the robot, it is modulated by the outcome
of (49) and produces the setpoint velocity v.

Following the same procedure outlined in (26) and in (27),
it is possible to rewrite (49) in a convex form as:

min v (k&) = Vadm,a(kE)|? (50a)
D(k&)vy (k&) = E((k — 1)€) (50b)

where D(k) = &(Fp(ké) + Fp(ké)? and E(k — 1) =
e — T(x¢(k — 1)£). Since (49) prevents the tank from being
depleted, the best passive approximation of Vg q(f) will
always be sent as a setpoint to the robot, ie. vq = vi.
Because of Proposition 1, we have that the modulated tank
is passive with respect to the pair (Fg + Fg,v4). Since we
are assuming that the low level controller implements a perfect
velocity tracking, we have that v = v, and, consequently, we
can say that the overall controlled robot is passive with respect
to the pair (Fg +Fg,v).

Thus, exploiting the proposed shared autonomy architecture,
it is possible to implement a flexible admittance controller, by
enabling a variable admittance dynamics, in a robustly stable
way, by enforcing passivity in a minimally invasive way.

IX. EXPERIMENTS

Different experiments were conducted, in order to separately
test the various functionalities of the architecture.

A. Shared control of a multi-robot system

In this experiment a human operator has to drive a group of
N = 3 mobile robots (Turtlebot3 Burger !) through a cluttered

Thttps://www.turtlebot.com

L

Fig. 6. Experimental setup utilized for the shared control of a multi-robot
system. There are two obstacles, that the robots need to avoid, and a bottleneck
the robots need to pass through.

environment. The user commands one robot of the fleet,
the leader, through a local haptic device (Force Dimension
Omegab6 2). The experimental setup is illustrated in Fig. 6.

Each mobile robot is modeled as an Euler-Lagrange system
in (1). The group of robots is endowed with an autonomy
allocation module that, given the positions and the velocities of
the robots and the map of the environment, generates a proper
cohesive behavior for the fleet. In particular, when navigating
in free space, the robots should have a high relative distance
in order to better cover the area; when the group has to pass
through a narrow passage, a cohesive behavior with small local
distances is preferred in order to facilitate the navigation.

The desired cohesive behavior can be achieved by requiring
the following time-varying spring-damper coupling among the
agents:

Fi.., = Kp(xji —X;(t) + KpXij 6,5 =1,...,3,i#j,

(51
where Kp and Kp are positive definite gain matrices repre-
senting stiffness and damping terms, xj; = x; — x; € R is
the relative position of the agents and X% (t) € R? is the rest
length of the springs, representing the desired relative position
of the robots.

The spring-damper coupling allows to achieve a cohesive
behavior of the fleet. This can be tuned by adapting online
x4 (t).

As shown in [23], this kind of behavior is non-passive and
might introduce instabilities in the system. By exploiting the
architecture in Fig. 4, it is possible to reproduce the best
passive approximation Fg of the desired control input (51).

The autonomy allocation module does not implement other
control inputs besides the inter-agent interconnection, imply-
ing that Fg, =F¢, =3 Fd, fori=1,...,3.

Each robot is capable of locally detecting obstacles in
its surroundings and avoiding them by means of a potential
repulsive field, resulting in the following interaction force with
the environment:

Fp, = —VU,,,

i

(52)

Zhttps://www.forcedimension.com/products/omega
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in which U, is the repulsive potential defined as

Q 1 1 : *
Uri _ Z UT“C’UT“C _ {Krep(dik D*) if dlk < D )
i 0 otherwise,

(53)
where K., is a positive gain, D* is the activation distance
for the potential and d;, is the distance between the i-th robot
and the k-th obstacle, while () is the number of total obstacles
in the environment.

Without loss of generality, robot 1 has been chosen as the
leader of the group and it has been joined to the local device
by the PD-like coupling proposed in [11] in order to passively
exploit the position of the local robot for driving a mobile
robot.

Being the control architecture structured as in Fig.4 and
owing to the passivity of the proposed interconnection, the
overall system remains passive, as stated in Prop. 5.

The human can transmit the motion of the local device to
the leader via the PD-like interconnection and, through the
couplings, to the other robots.

Thanks to the PD-like coupling between local and remote
sides, the user will receive a feedback informing her/him about
the dynamics and the interaction of the leader with all the other
coupled robots. See [11] for a more detailed explanation of the
kind of feedback that can be achieved using such a coupling.

Being the control architecture structured as in Fig.4 and
owing to the passivity of the proposed interconnection, the
overall system remains passive, as stated in Prop. 5.

Thus, the overall shared autonomy system is composed of
the human, who takes care of driving the fleet towards a de-
sired direction, and of an autonomy allocation unit that shapes
the cohesive behavior of the group according to the structure
of the environment. The proposed architecture implements at
each time the best passive approximation of F‘é

The fleet starts from a widespread formation with X%, (¢) =
[-0.75,-0.75,0], x%&(t) = [0.75,—0.75,0], %% (t) =
[1.5,0,0] and they are driven towards a narrow bottleneck
after which there are no obstacles. The local autonomy module
detects the bottleneck and sets each element of X%;() to a
third of its initial value in order to ease the passage. Once the
robots traverse the bottleneck, the autonomy allocation unit
sets i‘fi(t) back to its initial value. The set of experiments
can be seen in the accompanying video.

We initially evaluate the passivity of the group of robots first
by directly applying (51) to the robots and then exploiting the
proposed architecture. To do so, we evaluate the energy flow
through the port (Fg,,v1):

// Fgl (r)vi(r)dr.
0

A negative value of (54) implies a non passive behavior. The
evolution of (54) is reported in Fig. 7 and it clearly shows that
the variation of X?i(t) is a non passive operation and that the
proposed architecture allows to restore the passivity.

In the accompanying video, the force produced on the leader
by the motion of the local device and the corresponding force
feedback provided to the user is shown. The force sent back to

(54)

35
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Energy Flow [J]
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Fig. 7. The energy flow in the system during the experiment, with the
proposed architecture (solid blue line) and without using energy tanks (solid
red line). In case of direct application, the energy flow becomes negative,
meaning that the overall system loses its passivity. When using the proposed
architecture, the energy flow is always non negative.

the user is given by the dynamic interaction of the leader with
the other robots through the passified desired interconnection
(51) and by the external forces produced by (52). This kind
of feedback provides the user with a, sometimes rough,
information about the status of the overall behavior of the
multi-robot systems.

In the following experiment we aim at verifying how the
optimization strategy in (25) can guarantee a passive behavior
of the group of robots in different situations. We performed
the same navigation with variable cohesive behavior using dif-
ferent values of Kp and exploiting the architecture proposed
in the paper. The stiffer the coupling, i.e. the larger is K p, the
more dramatic the variation of the rest length ;i?i(t) is, i.e. the
more energy can be produced.

In Fig. 8 the energy of the tank is portrayed. Using a lower
value for Kp = 20% the energy in the tank always remains
above e. Thus, according to Prop. 2, the system remains
passive at all times and the desired behaviour is perfectly
reproduced. The larger value of Kp = 50% leads to a higher
energy consumption. Nevertheless, once the energy in the tank
reaches the imposed lower bound € = 5, the constraint (28b)
stops the extraction process, thus avoiding the tank singularity
and preserving the overall passivity, as stated in Prop. 3. This
is achieved by implementing the closest passive approximation
of the desired control input ch. The difference in the resulting
motions can be observed in Fig. 9. In the high stiffness case, it
is possible to notice the approximation of the nominal motion.

The last experiments aims at validating the robustness of the
proposed architecture with respect to communication delays.
We consider the presence of a communication delay ¢;; in the
exchange of data between robot ¢ and robot j. As presented
in Sec.VI, each robot is endowed with a modulated tank and
with an authority allocation module. The authority allocation
module computes (51) using the local information and the
delayed information coming from the other robot, which is
passively reproduced by the modulated tank. Additionally,
each tank exchanges power with the other tanks following a
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Fig. 8. The energy value of the tank using different values of K p. Larger

values of K p lead to greater energy extraction. Once the energy in the tank
reaches the lower bound ¢, the extraction process is halted.
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Fig. 9. Different paths of the formation for (a) Kp = 20 and no tank
saturation (b) Kp = 50 and tank saturation during the second variation

of rest length. In the second case, it can be noticed the approximation of
the nominal motion, in which the robots are forced to rotate on the spot to
maintain the passivity.

simple power sharing strategy:

P if dij < Dg and T;; > 3¢,

55
0 otherwise, (55

Poutw =

where P = 10W is a constant power value, d;; is the distance
between the agents and Dy = 3.5m is the maximum sensing
range of the robots. Applying this strategy, each robot will
exchange power with all the other members of the fleet inside
its sensing range, as long as a sufficient surplus of energy is
still present in its tank.

The navigation experiment is first run using the distributed
tank architecture with the power sharing structure reported in
(55) and with §;; = 0 for all ¢,j € {1,...,3}. The energy in
the tanks is reported in Fig. 10.

In Fig. 10a, T;(0) = 40J for i = {1, 2,3} and the power is
equally exchanged among all agents until the values 75 and
T3 reach the threshold 3e = 15J. After that, they stop sharing
their energy with the other tanks and they utilize the power
coming from 7 to compensate the energy extraction due to
the rest length variation. In Fig. 10b, in which the tanks are
initialized to 25.J, this phenomenon is less evident but 75 and
T3 reach the threshold 3¢ = 15.J before 77 that feeds them
for a short interval of time. In the last part of the navigation
experiment, tanks do not share energy anymore but they use
their own energy to passively complete the task. In fact, it can

60
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Fig. 10. Different energy flows in the tanks according to different initial
energy values T;(0). When T;(0) = 40J, the power is equally exchanged
among all agents until the values 7% and T3 drop below the threshold 3e. Then
they stop sharing their energy and utilize the power coming from 7. When
T;(0) = 25, this phenomenon is less noticeable, but the energy saturation
can be easily observed for T and T3.

be noticed that the energy of all the tanks remains above the
minimum threshold .

Finally, the navigation experiment has been conducted con-
sidering a 500ms and a 750ms delay in the communication
among the robots. The evolution of the energy flows is reported
in Fig. 11a and Fig. 11b. Here, we also portray the value of
H_p,, namely the energy stored in the communication channel
due to the delay. We can observe how the value of H;, remains
constant after a short transient while all the agents equally
share power to then lower once the energy in the tanks reaches
3¢, threshold at which the power emission stops. At this point,
the energy stored in the channel gradually recharges each tank,
compensating the energy loss due to the rest length variation.
As proven in Prop. 4, the system remains passive in the
presence of the finite delay. Fig. 12 depicts the resulting paths,
in which the performance degradation due to the presence of
the delay is evident.

B. Comparative Study

In order to show the benefits of the proposed architecture
in terms of increased robustness and tracking performance, we
conducted an experimental campaign in which we compared
the control strategy presented in the paper with state-of-the-art
energy tank-based controller.
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Fig. 11. Different energy flows in the tanks according to different values
of the delay d;; in the communication channel. The energy stored in the
communication channel due to the delay H.; remains constant until the
energy in the tanks reaches 3e. Then, the power emission stops.
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Fig. 12. Different paths of the formation for different values of the commu-

nication delay J;;. It can be clearly noticed the performance loss due to the
presence of the delay.

We recreated the previous multi-robot setup in a simulated
environment, in order to maximize the repeatability and repro-
ducibility of the implemented behaviours, thus providing a fair
comparison. We then conducted the previous experiments of
passive rest length variations, first using our proposed control
architecture (without communication delay) and then with a
standard energy tank-based controller. The chosen controller
makes use of a variable damper for refilling the tank, which
is activated as the lower bound ¢ is reached and more energy
is being requested, similarly to [11]. In this way, the overall
passivity of the system is guaranteed, but at the cost of
introducing extra damping into the dynamics. Thus, following
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Fig. 13. Violin plots representing the distribution of the force tracking error
during the simulations obtained using the presented architecture (in red) and
the standard damping injection approach (in blue), for different values of the

initial tank energy T5(0).
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Fig. 14. Violin plots representing the distribution of the pose error during the
simulations obtained using the presented architecture (in red) and the standard
damping injection approach (in blue), for different values of the initial tank
energy T;(0).

the standard tank-based approach, the power flow through each
tank is computed as

Ty =% (D;+(1—b)D;)% — %, Fe., (56)
where D; = D;(t) > 0 is a positive semi-definite variable
damping matrix, while the control input for each robot is
computed as

F§ =bF¢, (57)

and b; serves to attach or detach the i—th tank from the
interconnection and inject the additional damping, i.e.

0 ifTy=candT; <0,

b, = )
1 otherwise.

(58)
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The variable damping term D; is set as a constant diagonal
matrix with elements d; = 0.52.

The series of simulations were conducted varying the initial
energy value in the tank at each run, increasing it gradually
from 10.J up until 35.J. As previously stated (see e.g. Fig. 10),
this value affects the degree of approximation of the desired
behaviour and, consequently, the overall performance.

The results of the study are presented in Fig. 13 and Fig. 14.
The violin plot in Fig. 13 showcases the comparison of the
force tracking error, computed as ||Fg — F‘é , using the
two controllers. For each simulation, a corresponding density
curve portrays the full distribution of the error. The curves
obtained with the two different methods thus indicate how
often the desired input is approximated and the magnitude of
such approximation. It can be observed how, for low values
of T;(0), both approaches necessarily lead to larger tracking
errors in order to preserve passivity. Even in these cases, the
magnitude of the errors induced by the standard tank-based
approach tends to be larger than the one obtained via our
control architecture. This is due to the lack of optimization
in the standard energy-tank approach, which simply adds a
passivating dynamics. As T;(0) increases and more energy is
made available for implementing the behaviour, it is evident
how our approach minimally alters the desired input, while the
spurious dynamics introduced by the variable damping leads
to more frequent and more significant approximations, thus
negatively affecting the quality of the allocated autonomy.

In a similar fashion, the plot in Fig. 14 portrays the
distribution of the position error over time, computed as
Z?Zl ij [|1%;i — )‘(‘;i(t)| |, using the two controllers. Due to
the larger approximation of the control input induced by the
standard tank-based approach, the system requires more time
to reach the desired formation, thus leading to more significant
position errors on average. This larger convergence time might
cause dangerous behaviors during the interaction, such as
inter-robot crashes or collisions with undetected obstacles
in the environment, as well as leading to counter-intuitive
behaviours for the human operating the fleet.

Thus, while the standard energy-tank based approach is
simpler to implement than the proposed approach, as it does
not require to generate the control input via an optimizer,
it induces stronger approximations of the desired behaviour,
affecting both the performance and the quality of the overall
interaction.

C. Admittance Control

A second validation of the architecture was conducted onto
a robotic arm implementing an admittance control task. The
experimental setup, shown in Fig. 15, includes a Universal
Robot 5e manipulator, equipped with a 6-axis force/torque
(F/T) sensor and a tool for grasping magnetic objects. The
control frequency of both the robot and the sensor is 500H z.
The human has to teach the robot the pick and place tra-
jectories for moving a set of objects from a picking station
(white plate) to the placing station (black plate). The robot
has the knowledge of the picking order and the desired pick
and place positions but it is not aware of obstacles that could

Fig. 15. Experimental setup for the validation considering the admittance
control task.

possibly be present in the scene and, thus, of the trajectory to
be performed.

An assisted manual guidance has been implemented through
a variable admittance controller using the architecture shown
in Sec. VIII. An autonomy allocation unit, given the knowl-
edge of the task and of the environment and the position and
velocity of the robot, generates a desired admittance dynamics
in the form of a mass-spring-damper system. The inertia and
damping matrices chosen for the experiments are diagonal
matrices with constant values. In particular, the inertia matrix
has elements equal to 1.5kg for translations and 1% for
rotations, while the damping matrix has elements equal to
300% and 100 ]\T’ 2% for translations and rotations respectively.

The stiffness is chosen as a time-varying diagonal matrix, in
order to help the human around the pick and place positions.
In particular, when the robot end-effector is far from the
pick and place positions, the stiffness is set equal to zero.
When the distance between the end-effector and the desired
pick or place position is lower than 0.25m, then the stiffness
elements becomes equal to 500% and 30%—’; for translations
and rotations, respectively. When the desired object has been
picked up or placed, the stiffness values are set again equal
to zero, to ease the human movements between the pick and
place plates. Fig. 16 shows the stiffness variation during the
task execution (only one translational component is shown,
since the others behave accordingly). The resulting force due
to the stiffness is then shown in Fig. 17, where the norm of
the three translational components is shown.

By integrating the desired time-varying admittance, the
corresponding desired velocity V,qm,q can be computed. Since
varying online the stiffness of the admittance can lead to a
non passive behavior (see e.g. [36]), Vqam,q 1S sent to the
optimizer. The optimizer, considering the energy stored in
the tank, computes the best passive approximation v} (¢) of
the desired behaviour. The value of v (¢) is then used for
modulating the energy flowing into/out of the tank and, by
inverse kinematics, computing the desired joint velocity input
for the robot.
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Fig. 16. The evolution over time of the stiffness of the admittance control
during the execution of the task.
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Fig. 17. The evolution over time of the force due to the stiffness application
during the execution of the task (norm of the three translational components).
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Fig. 18. The evolution over time of the energy in the tank during the execution
of the admittance control task.

Fig. 18 shows the evolution of the energy in the tank,
which is reminiscent of the previous experiments: as in Fig. §,
once the energy level drops below € = 13.5.J, the constraint
(50b) implements the best passive approximation of Vaam,d,
thus stopping the energy extraction and preserving the overall
passivity. An upper bound has been set at T = 19.J in order to
avoid excessive energy storage and for showing the activation
of the optimizer.

All of the experiments are portrayed in the accompanying
video.

X. CONCLUSIONS

In this paper we have proposed a novel energy-based archi-
tecture that enables to reproduce the desired autonomy of a
robotic system while guaranteeing a robustly stable behavior.
Energy tanks have been exploited for enabling a flexible
utilization of the energy of the system and for allowing to
reproduce dynamic behaviors that could not be implemented
using traditional passivity-based control. A convex optimiza-
tion problem for choosing the closest passive behavior to the
desired autonomy has been designed. Experimental results
show the effectiveness and the robustness of the proposed
control architecture.
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