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ABSTRACT
This paper presents a framework to structure sequence-control
software that accounts for the communication of energy informa-
tion by design when interfacing planners with loop controllers.
Communicating velocity or force values as setpoints to a loop con-
troller can be characterised as energy that is downstreamed to the
rest of the control structure and exchanged with the environment.
Awareness of this energy information is useful for addressing de-
pendability aspects in robotics where energy plays a role. This
framework comprises metamodels and models for composing and
structuring energy-aware sequence-control software that provides
information of the energy supplied, for instance, by a trajectory
planner. In addition, this paper gives an overview of the computa-
tion and communication requirements of this energy information.
We present a use case where this structure facilitates using energy
as a physical-interaction constraint and dependability metric for
robot control.
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1 INTRODUCTION
The concept of energy awareness in literature on software for ro-
botics is extensively related to energy-efficient computation and
battery-life extension. Examples reported in [14, 15, 29] use infor-
mation of the system’s energy consumption as constraint for robot
mission’s quality of service (QoS), or as metric to enhance battery
autonomy. Using energy information is furthermore convenient in
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control design to shape robot behaviour within a larger stability
area [21–23]. Examples reported in [3, 12, 26, 28] use energy infor-
mation as a measure of robot-control stability, fault tolerance and
safety. This is possible because energy – besides being a restrictive
resource – influences aspects of control and physical behaviour.

Multiple papers explicitly address the importance of energy in
loop control [11, 13, 20], particularly in robot control. However,
little attention has been given to the influence of sequence-control
actions in the energetic behaviour of robotic systems. A sequence
controller communicating velocity or force values as a stream of
setpoints to the loop controller can be characterised as an energy
supply. For instance, trajectories computed by a planner can repre-
sent energy that is downstreamed to the rest of the control structure
and exchanged with the environment. From the physics point of
view, there is an implicit energetic relation between sequence con-
trollers and the physical interaction of robots.

Awareness of this energy information and its communication in
the system is useful for addressing dependability aspects in robotic
applications. For instance, this information is used in robot safety,
as constraint for safer trajectory tracking [10, 27] and safer human-
robot interactions [17]; in robot autonomy, to reduce the energy
consumption in robots following a certain trajectory [18, 19]; in
control design, as a metric to provide stability guarantees to loop
controllers [7]. These are examples of energy awareness focusing
on different aspects in robotics that are influenced by energy.

Designing sequence controllers that are aware of the energy they
supply requires software structures that integrate constraints of
the physics domain which support the communication of energy
information. This also calls for extending the concept of energy
awareness to include different aspects influenced by energy in
robot control. Communicating energy information in the software
by design can ease addressing concerns in robotics where energy
plays a role.

This paper presents a framework to structure sequence-control
software that accounts for the communication of energy informa-
tion when interfacing planners with loop controllers. We address
energy awareness in robot software at an architectural level by
providing composition metamodels and models that facilitate struc-
turing sequence controllers with embedded information of the
energy they supply.

Structuring the software as proposed here makes the energetic
relation between sequence controllers and the physical interaction
of robots explicit. This is exemplified with a use case where we
implement the energy-aware sequence-control structure to amobile

https://orcid.org/0000-0002-3945-681X
https://orcid.org/0000-0002-5315-9029
https://orcid.org/0000-0003-3039-3012
https://doi.org/10.1145/3526071.3527517
https://doi.org/10.1145/3526071.3527517
https://doi.org/10.1145/3526071.3527517


RoSE’22, May 9, 2022, Pittsburgh, PA, USA Cobos Mendez, et al.

robotic platform to gather energy information that can be used as
a dependability metric and physical-interaction constraint.

The remaining part of this paper proceeds as follows: Section
2 concerns the different aspects of energy awareness in robotics.
Section 3 addresses the concept of sequence control and its struc-
tural considerations. Section 4 is an overview of the requirements
to compute and communicate energy information in software. Sec-
tion 5 presents our framework. Section 6 presents the use case on
physical-interaction control of robots. Finally, Section 7 addresses
the conclusion of this paper and recommendations.

2 ASPECTS OF ENERGY AWARENESS
Figure 1 depicts different aspects that energy awareness covers
in robotics. This is because energy awareness has different con-
notations and purposes in, for instance, the software and control
domains. To give clarity, we have identified these four major as-
pects that consider different roles that energy can have in robotics,
namely:

(1) as a restrictive resource – e.g., for energy efficiency in robotic
operations;

(2) as ametric for control stability – e.g., to preserve loop-control
stability;

(3) as property to characterise the robot’s physical interaction –
e.g., to shape compliant robot behaviour;

(4) as criteria for higher-level decision making – e.g., to decide
whether to execute certain robot actions.

Figure 1: Aspects of energy awareness in robotics

Taking these aspects into account in control design can ease
extending the concept of energy awareness in robotics. In this
paper, we aim our contribution towards aspects 3 and 4 of Figure 1.

3 STRUCTURAL CONSIDERATIONS
It is convenient to structure the functionality and properties of the
control software into layers with different sections of responsibility
[1, 2, 8]. We adopt the layered architecture described in [4, 9], of
which the basic structure is shown in Figure 2. Every control layer
can exist without the layers above it (to the left side of each block
in the figure) but requires the layers below it (the right side of each
block in the figure) to operate. This paper focuses on the sequence-
control layer and its interaction with the loop-control layer.

The sequence-control layer controls the sequence of robot move-
ments. We consider that the sequence controller contains a plan-
ning algorithm – e.g., a trajectory planner as described in [16]. The
sequence of robot movements is defined by the stream of motion-
setpoints computed by the planner and downstreamed to the loop-
control layer. The loop-control layer contains the control-law al-
gorithm that computes steering values and downstreams them to
the robot. This layered architecture depicts sequence control as a
higher-hierarchy controller, meaning that it has no direct interac-
tion with the physical world. We consider not interfacing sequence
controllers directly with the physical world as a good practice in
robot-control design.

Figure 2: Basic structure of the layered software architecture
(inspired by [9])

Designing controllers as composable and reusable software com-
ponents is also a good practice. The RobMoSys1 project proposes
adopting a composition-oriented approach as a strategy to sat-
isfy the demands of the robotics market. This entails constructing
systems out of reusable, off-the-shelf software components with
well-defined properties and interfaces. This approach is compatible
with the layered structure in Figure 2.

We use both the layered control architecture and the RobMoSys
approach to structure energy-aware sequence-control software.
This paper fills in the two bespoke blocks in Figure 2 with a com-
position of components that compute energy information (i.e., in
Joules).

4 ENERGY COMPUTATION AND
COMMUNICATION

The correctness of the energy information depends not only on
computation but also on the time at which the information is pro-
duced and communicated. These requirements are imposed by the
physics domain and have to be considered when embedding energy
information in the control software. Doing this right is important,
for instance when the energy information is used for control stabil-
ity or safety purposes [24]. This section gives a brief description of
these physics-domain aspects.

1https://robmosys.eu/

https://robmosys.eu/
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In [25], the authors present a physics-conformal method to com-
pute energy information. This is particularly useful when interfac-
ing the control software with the physical world. In summary, we
can calculate an energy quanta, Δ𝐻 (in Joules), representing the en-
ergy exchange between the loop-control layer and the robot in the
communication of steering and feedback signals in Figure 2. This
information can be computed using (1) for a force-output/position-
input computation causality. In (1), 𝐹 is the force (in Newtons) used
as steering signal, 𝑥 is the sampled position (in meters) of the robot
used as feedback signal, and 𝑘 is a positive integer that denotes the
kth sample interval with time 𝑇 (in seconds).

Δ𝐻 (𝑘𝑇 ) := 𝐹 (𝑘𝑇 ) (𝑥 (𝑘𝑇 ) − 𝑥 ((𝑘 − 1)𝑇 )) (1)

We can extend this method to a velocity-output/momentum-
input computation causality using (2), where 𝑣 is the velocity (in
m/s) used as steering signal and 𝑝 is the sampled momentum of the
robot (in kg·m/s) used as feedback signal.

Δ𝐻 (𝑘𝑇 ) := (𝑝 (𝑘𝑇 ) − 𝑝 ((𝑘 − 1)𝑇 )) 𝑣 (𝑘𝑇 ) (2)

Accurate Δ𝐻 values require the timely computation of (1) (or
(2)), and the timely communication of the corresponding inputs
and outputs. Timeliness implies that these events must happen at
the same time. Therefore, these time constraints are handled by
real time (RT) systems.

We are interested in the communication of the energy infor-
mation, as it is binding for composing energy-aware sequence
controllers. Previous work defines data-communication services
that bring the physics-domain constraints of energy exchange to
software models [5]. We refer to these communication services, to
(1) and (2), and to the layered software architecture in Section 3
to constrain the communication, computation and composition of
energy-aware sequence controllers.

5 FRAMEWORK
This section describes the energy-aware sequence control frame-
work using metamodels and block-diagram models. The metamod-
els can help giving clear and unambiguous direction on the composi-
tion and structure of sequence controllers and their communication.
The block-diagram models can help providing a different view of
this approach. The blocks depicted in the metamodels and models
represent components which functionality and communication is
described along this section.

Figure 3 shows the composition metamodel of the Energy-aware
Sequence Controller (EaSC). Figure 4 is an example block-diagram
model of the EaSC that conforms to Figure 3. The EaSC contains
– among possibly other elements – a setpoint-computing compo-
nent and an energy estimator. The setpoint-computing component
communicates setpoint values, 𝑠𝑝 , containing information of the
trajectory to be followed by the robot. The energy estimator com-
putes and communicates an energy budget, Δ𝐻budget, containing
information of the energy required by the robot to follow 𝑠𝑝 .

In return, the EaSC receives feedback information on the state of
the robot, 𝐹𝑏rbt, and the state the loop controller, 𝐹𝑏LC. Additionally,
the EaSC receives information on the kinetic energy of the robot,

𝐸kin, the potential energy in the loop controller, 𝐸pot, and an energy-
tank level, 𝐸tank. We call these energy-state signals. Details on the
flow of information in the EaSC are given later in this section.

5.1 Setpoint-computing component
The setpoint-computing component contains a trajectory planner
– e.g., as described in [16] – which solution is used as setpoint for
the loop controller. The setpoint signal (𝑠𝑝 in Figure 4) contains
information of velocities or forces corresponding to a single or
multiple time horizons (i.e., one waypoint or a set of waypoints to
be tracked by the robot).

We extend the setpoint-computing component with feedback
and energy-state signals from the loop controller. This can be used,
for instance, to adapt trajectories based on the energetic state of
the system. It is up to the control designer using this information
which is available by design in the control structure.

5.2 Energy estimator
The energy estimator, as defined in [3], is an element computing
an estimate of the energy required by the robot to track the set-
point. We call this energy information energy budget, Δ𝐻budget (see
Figure 4 and Figure 6), because it can be used as a constraint in
the system, as we show later in the use case. Figure 5 depicts the
composition metamodel of the Energy Estimator and Figure 6 is an
example block-diagram model conforming to this metamodel.

The energy estimator simulates the controlled system dynamics
using models of the loop controller, the robot and (if available) the
environment. The communication between models is interpreted
as exchange of physical power (i.e., in Watt), as it contains estimate
information of forces and velocities. This requires the estimated
steering and feedback signal-pairs, [𝑆𝑡 , 𝐹𝑏], between model-blocks
in Figure 6 to correspond to the same coordinate frame and be
communicated at the same time [5]. The {power} constraint in
Figure 5 indicates this requirement.

The energy-sampling component computes the energy budget
using (3), where 𝑆𝑡LC and 𝐹𝑏rbt are the signals communicated be-
tween the loop-control and robot models. We use this particular pair
of signals because the information exchanged between these two
models can be interpreted as the energy that the robot is expected
to spend to reach the setpoint.

Δ𝐻budget (𝑘𝑇 ) := 𝑆𝑡LC (𝑘𝑇 ) ( ˜𝐹𝑏rbt (𝑘𝑇 ) − ˜𝐹𝑏rbt ( (𝑘 − 1)𝑇 )) (3)

For instance, if force is chosen as steering signal, 𝑆𝑡LC, and posi-
tion as feedback signal, 𝐹𝑏rbt, then (3) conforms to (1). Similarly, if
velocity is chosen as steering signal, 𝑆𝑡LC, and momentum as feed-
back signal, 𝐹𝑏rbt, then (3) conforms to (2). Note that the energy-
sampling component does not alter the content of 𝑆𝑡LC and 𝐹𝑏rbt
in any way.

5.3 Loop controller
The communication between the control law and the robot can
also be interpreted as power (described by the {power} constraint in
Figure 3). This gives a physical meaning to the interaction between
the software and the robot, and allows describing it as an exchange
of energy. We extend the loop controller with an energy observer
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Figure 3: Energy-aware Sequence-control and loop-control composition metamodels

Figure 4: Block-diagram model of the basic composition and communication of the Energy-aware Sequence Controller. This
model conforms to Figure 3.

component (see Figure 3 and Figure 4) to account for this energy
information.

The energy observer contains an energy-sampling component
and an energy tank. The energy-sampling component computes the
exchange of energy between the control law and the robot, Δ𝐻ex,
using (4). Note that (4) should conform to either (1) or (2). The
energy tank is a memory element that keeps track of the energy
information that enters and leaves the system at all time in the
communication of steering and feedback signals. This information
is stored in the energy-tank level, Etank, and is calculated using (5).

Δ𝐻ex (𝑘𝑇 ) := 𝑆𝑡LC (𝑘𝑇 ) (𝐹𝑏rbt (𝑘𝑇 ) − 𝐹𝑏rbt ( (𝑘 − 1)𝑇 )) (4)

𝐸tank (𝑘𝑇 ) = 𝐸tank ( (𝑘 − 1)𝑇 ) + Δ𝐻budget (𝑘𝑇 ) − Δ𝐻ex (𝑘𝑇 ) (5)

Comparing the energy budget with the actual energy exchanged
between the software and the robot can be used, for instance, as
a metric to determine whether the robot is spending more energy
than needed/desired. If Etank < 0, it shows that the robot is spending
more energy than expected due to unforeseen conditions in the
environment or in the robot itself. This can be useful for shaping
robot behaviour (e.g., by adapting trajectories), or for characterising
the physical interaction of the robot (e.g., by detecting changes in
the environment).

Knowing the energetic state of the system is useful for getting
insight on the physical interaction of the robot with its environment.
This requires communicating physical information on the potential
and kinetic energy of the system to the sequence controller. The
loop controller can share information on its potential energy, 𝐸pot
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Figure 5: Composition metamodel of the Energy Estimator
(inspired by [3])

Figure 6: Block diagram of the basic composition of the En-
ergy Estimator. This model conforms to Figure 5.

(see Figure 4), which represents the energy stored in the control
law. The kinetic energy, 𝐸kin (see Figure 4), represents the energy
stored in the moving mass of the robot and can be estimated using
a model of the robot.

6 USE CASE
An energy-aware sequence controller requiresmechanisms to shape
the robot’s behaviour based on the energetic information of the
system. The functionality of such mechanisms depends on the ap-
plication and cannot be generalised in this framework. Nonetheless,
this section presents an example that associates the energy infor-
mation of the robot with the aspects of energy awareness described
earlier.

We use a simulation of a mobile robotic platform (e.g., a floor-
cleaning robot) to showcase how the energy information embedded
in the composition of the EaSC can be used for:

• detecting faults associated with the energetic interaction
between the robot and the environment;

• monitoring the robot’s energy expenditure;
• making higher-level decisions based on the system’s ener-
getic state.

Figure 7 shows the system of interest. The robotic platform is
represented as a 1-DOF body with 1 kg mass and a viscous friction
of 1 Ns/m in the direction of movement. The structure of the control
software conforms to Figure 3.

The control law in the loop controller is a PID controller steering
the robotic cart with a force signal and measuring its position
as feedback signal. The sequence controller contains a trajectory
planner outputting position setpoints. The goal of the planner is
to drive the mobile platform a distance of 1 meter in 1 second in a
straight-line trajectory.

Figure 7: Control structure for the 1-DOF use case. The physi-
cal system consists of a mobile robotic platform with viscous
friction.

Figure 8 depicts the time series of the position, energy budget
and energy-tank level of the system under the ideal situation where
the parameters of the models in the energy estimator match the
parameters of the physical system. The numeric value of the energy-
tank level in Figure 8 is mostly positive and close to zero during
the time window in which the energy budget is communicated to
the loop controller – i.e., Δ𝐻budget = Δ𝐻ex in (5). This means the
robot does not spend more energy than anticipated by the sequence
controller. This can also be seen in the estimated position of the
model matching the position of the physical system. We use these
results as ground truth for this use case.

We study the behaviour of the system when the mobile robot
presents a higher viscous friction than expected (3 Ns/m instead of
1 Ns/m) – e.g., due to changes in the environment or malfunction
of the robot. We present two scenarios: 1) higher viscous friction
without adapting the trajectory, and 2) higher viscous friction with
energy-aware adaptation of the trajectory. The loop controller com-
municates feedback and energy-state signals to the EaSC in both
scenarios but only in the second scenario this information is used
to adapt robot behaviour.

6.1 Higher friction without adapting the
trajectory

Figure 9 depicts the behaviour of the system when the conditions
of the physical system deviate from what is modelled in the en-
ergy estimator, and no action is taken to adapt the trajectory. In
consequence, the energetic behaviour of the robot deviates from
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Figure 8: Ideal situation where the parameters of the models
match the parameters of the physical system. At the left side,
the time series of the position values of the setpoint, the
robot model (inside the energy estimator), and the real robot.
At the right side, the time series of the energy budget and
the energy-tank level.

what was estimated due to the unaccounted increase of the vis-
cous friction. The numeric value of the energy-tank level is mostly
negative during the time window in which the energy budget is
communicated to the loop controller – i.e., Δ𝐻budget < Δ𝐻ex in (5).
This indicates that the increase in the viscous friction causes the
robot to spend more energy than what was estimated by the EaSC.
This is also shown in the position of the physical system deviating
from the position estimated by the models.

Figure 9: Situationwith higher viscous frictionwithout adapt-
ing the trajectory. At the left side, the time series of the posi-
tion values of the setpoint, the robotmodel (inside the energy
estimator), and the real robot. At the right side, the time se-
ries of the energy budget and the energy-tank level.

6.2 Higher friction with energy-aware
trajectory adaptation

Figure 10 depicts the behaviour of the system when the conditions
of the physical system deviate from what was modelled in the
energy estimator. However, this time the EaSC takes action so that
𝐸tank ≥ 0. The EaSC uses information on the state of the energy
tank and the velocity of the robot to make an intelligent, energy-
aware adaptation of the setpoint trajectory. As a consequence, the
planner drives the mobile robot slightly slower, as shown by the
time series of the position in Figure 10 (compared to Figure 8 and
Figure 9). This results in the numeric value of the energy-tank level
being positive during the time window in which the energy budget
is communicated to the loop controller.

Adapting the setpoints also results in the robot spending less
energy to reach the goal despite the unaccounted increase of viscous
friction (compared to Figure 9). This is expected because slower
movements require less energy. Please note that the adaptation
of setpoint values is rather crude and results in some undesired
switching effects in the energy budget and energy-tank level in
Figure 10.

Figure 10: Situationwith higher viscous friction but sequence-
control actions are adapted so that 𝐸tank ≥ 0. At the left side,
the time series of the position values of the setpoint, the
robot model (inside the energy estimator), and the real robot.
At the right side, the time series of the energy budget and
the energy-tank level.

6.3 Discussion
The state of the energy tank in (5) can be useful to detect anomalies
in the physical system. This use case gives an example showing the
impact of, for instance, a change in the friction on the the energetic
behaviour of the robot. The energy-tank level can also be an indica-
tor of the robot’s energy consumption and be used as a trigger for
higher-level controllers to take actions to preserve battery life. For
instance, the positive increase in the energy-tank level in Figure 8
represents energy being transferred from the environment to the
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controller. This energy (about 0.7 J) can be used to recharge the
mobile robot’s battery through regenerative breaking.

Besides monitoring the system’s energy to detect changes in
the properties of the physical system, the energy information can
be useful for addressing other concerns in robotics such as safety,
autonomy and system performance. For instance, the energy-aware
sequence controller:

• provides energy budgets that can be useful as metric for
preserving loop-control stability (as described in [3, 6]) when
interfacing with trajectory planners;

• provides information of the energetic behaviour of the robot
useful to describe its physical interaction with the environ-
ment – e.g., contact with an object;

• provides information on the energy exchange of the system
ahead of time to help deciding whether or not to execute
certain sequences – e.g., to maintain safety metrics or to
preserve battery life.

Nonetheless, the accuracy of the energy information – and there-
fore its usefulness – does not solely depend on the composition of
the control software, but also on its computation and communi-
cation concerns. It is important to compose the energy estimator
with accurate models of the loop controller, robot and environment
such that deviation between the energy budget and the actual en-
ergy spent by the robot is minimised. Moreover, the sampling of
energy (i.e., computing Δ𝐻budget and Δ𝐻ex) and its communication
has to be carried out using the right equations and strict timing
constraints, so that it conforms to the physics domain as described
in Section 4.

7 CONCLUSIONS
This paper presents a framework for composing energy-aware se-
quence controllers. We provide metamodels and example models as
guidelines for embedding sequence controllers with energy infor-
mation that can be used to address aspects in the robotics domain
where energy plays a role. This extends the concept of energy aware-
ness to higher-control levels, providing them with information on
the physical interaction of the robot with its environment.

This approach not only allows sequence controllers to know the
energy required to execute the trajectories computed by planners,
but also facilitates assessing the behaviour of the system based on its
energy information. This allows controllers to make decisions based
on the physical interaction of the system. The use case presented
here shows this property by using energy information to detect
unexpected situations in the controlled system or the environment,
and adapt the sequence of robot movements accordingly.

Energy awareness as a system property requires handling the
energy information according to physical laws. Doing this accu-
rately is important, as it has an impact on multiple concerns in
robotics, including safety. Therefore, following the guidelines de-
scribed in this paper facilitates the development of control software
that conforms to physical laws.

Energy-aware sequence control is the next step towards energy-
aware control-software architectures. Next work is on enabling
energy awareness in the supervisory-control layer, and designing
methods to communicate energy information across the entire
system. In addition to energy-aware composition, computation

and communication, further work will be done on energy-aware
configuration and coordination of robot-control software.
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