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Chapter 1 presents the (theoretical) background for this thesis and the correspond-
ing application areas. The main results of this thesis are presented in Chapter 3
(formation control of fully actuated systems), Chapter 4 (formation control of
wheeled robots), and Chapter 5 (orbital phasing of satellites). The present chapter
reflects on these results and points out some directions for future research.

6.1 Conclusions

In 2010 the ROSE project started with the ambition to develop a robotic sensor
network for the inspection and monitoring of dikes. The project encompasses the
development of a mobile sensor-equipped robot by the University of Twente and
the design of coordination algorithms for a network of such robotic sensors by the
University of Groningen. During several user committee meetings the academic
and industrial partners (see Appendix B) discussed the progress of the project and
set directions for the research. This section reflects on the contributions of this
thesis on the design of coordination algorithms.

The innovative paper “Passivity as a design tool for group coordination” [3]
served as a starting point for the results of this thesis. The passivity-based design
approach in [3] is extended to networks of port-Hamiltonian systems. Using gener-
alized canonical transformations [45] the internal feedback for velocity tracking
is designed explicitly for networks of wheeled robots (Section 4.4) and satellites
(Chapter 5). Furthermore, the concept of virtual springs for the external feedback
provides a clear physical intuition of the control action. The addition of virtual
dampers provides more design freedom for the external feedback.

Port-Hamiltonian systems theory has proven its value from a theoretical and
a communication point of view. Exploiting the (physical) structure of the models
provides more insight, while robustness is inherited from the intrinsic physical
robustness of the components. The physical interpretation of the models also
facilitates clear presentations at international conferences and serves as a common
ground amongst collaborators.

The virtual coupling concept has proven to be versatile, by applying it to
formation control of networks of different types of systems. The three types of
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systems considered in this thesis are in different ways all aligned with utilization
in the ROSE project. Fully actuated systems represent the legged robot, which
is developed by the University of Twente. Nonholonomic wheeled robots are
considered to test the algorithms on an existing testbed of e-puck robots. Finally,
the satellites considered in Chapter 5 provide a first step towards formation flying
algorithms for satellites in the future FIRI mission (Section 1.2.3).

The interconnection topology of the robots and the virtual couplings is assumed
to be undirected, connected and acyclic (i.e., the topology is a tree graph). These
types of graphs enable a broad class of formation shapes relevant for the dike
inspection application, including the line formation for coverage [52, 92] and the
star formation for borehole inspection [20].

Although non-smooth Hamiltonians have been considered before [46], the
non-smooth analysis tools presented in Chapter 3 (Krasovskii notion of solution,
generalized Clarke gradient, non-smooth version of LaSalle’s invariance principle))
have not been considered in port-Hamiltonian systems theory before. Furthermore,
the internal-model-based controller design for matched input disturbance rejection
in the context of formation control (Section 4.5) provides an extension of previous
work for a single system [47, 48].

Finally, experimental results (and simulation results to a lesser extent) provide
a big step towards the implementation of the algorithms in practice. The physi-
cal interpretations behind the algorithms help engineers to interpret the results
and provide directions for tuning the controller gains. On the other hand, the
experiments give rise to new directions for research, which would not have been
developed otherwise (see some of the recommendations in the next section). It is
this interplay between theory, practice and engineering which is the foundation of
this work.

6.2 Recommendations for future research

Four years of PhD research provide answers to many questions, while at the same
time even more questions pop up and/or remain unanswered. This section provides
some directions for future research, which are are divided into four topics: overall,
Chapter 3, Chapter 4, and Chapter 5.

Overall

Previous research has shown that port-Hamiltonian system theory is instrumental
to the design of energy-efficient and robust control systems. Robustness of the
proposed solutions is inherited from the intrinsic robustness of physical systems
like springs and dampers. Chapter 5 also shows that the power-consumption of the
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orbital phasing controller is well within nowadays power supplies like solar panels.
However, providing analytical solutions to the energy-efficiency problem of the
algorithms was not considered and sets a challenge for future research (see (1.1)).

Another direction is relaxing the assumption that the interconnection and com-
munication topology are the same (Section 1.1.2). In practice, the communication
topology is often directed which does not align with the undirected nature of the
physical interconnection structure.

All algorithms in this thesis are continuous-time laws, which in practice may be
hard to implement because of hardware constraints. Recent work linking formation
control to theoretical computer science provides a starting point for sampled-data
control laws for applications in real-robot systems [117].

Formation control of fully actuated systems

Section 3.4.3 presents a discontinuous approach to counteract the discontinuous
Coulomb friction in order to achieve exact formations. While the intuition of the
discontinuous virtual springs is clear, the discontinuous springs do have a (major)
drawback. As the agents in the network approach the desired formation, the control
action shows undesired fast switching (see Figure 3.8 (bottom)). This chattering
behavior can be mitigated by the adoption of e.g. hysteric quantizers [18] or
self-triggered control algorithms [27].

Instead of using discontinuous controllers, another direction to circumvent the
problem of the continuous virtual springs in Section 3.4.2 is to add an integral
controller [32]. Integral control is a classical tool to eliminate steady state errors
[35] and should therefore be able to counteract the formation error caused by the
Coulomb friction (see Figure 3.7 (middle)). Using integral control also prevents
the chattering behavior caused by the discontinuous springs, but it lacks a clear
physical interpretation.

Formation control of nonholonomic wheeled robots

Preliminary research has included obstacle avoidance using virtual potential fields
in the formation control setting of Chapter 4 [20, 52]. The physical interpretation
of the potential field method fits easily into the port-Hamiltonian framework and
simulation [52] and experimental results [20] have been obtained. There is still
the need for a rigorous closed-loop analysis of the potential field method presented
in [20, 52] for example using similar arguments as in [96]. Another way to achieve
obstacle avoidance is to introduce a time-varying heading controller in Section 4.4,
which adjusts the heading of the robots as they approach obstacles.

Section 4.4 presents a local velocity tracking controller for each robot, which
assumes that each robot knows the reference velocity. Simulation and experimental
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results have shown that velocity tracking for the network can also be achieved
by introducing two (virtual) leader robots, which “drag” the other robots in the
network [52, 92]. Apart from the two leaders, the other robots only require
knowledge on the relative distance with respect to their neighbors. A drawback
of this approach is the slight deformation of the formation shape due to friction.
Efforts have been made in analyzing the closed-loop stability of such a system using
the theory of forced Hamiltonian systems [74]. However, no Casimir functions could
be found (yet) to complete the proofs.

The velocity tracking controller (4.35) requires velocity measurements of each
robot. However, experiments have shown that velocity measurements are either
poor or not available [20, 92]. Using a dynamic extension to estimate the velocity
[33] could overcome this problem in a straightforward manner.

Formation control of satellite constellations

Chapter 5 considers circular target orbits (i.e., orbits with an eccentricity equal to
one). From a practical point of view, many orbits have a different eccentricities
and extending the results to these elliptical orbits is therefore of interest. Another
strong assumption to be relaxed is that each satellite is fully actuated. In practice
each satellite has only one single thruster, which is tangential to the satellite’s orbit.
Hohmann maneuvers have potential to achieve the desired phase shift on the orbit,
but it is not yet clear how to apply this maneuver in a control setting.

Finally, for the FIRI project the satellites are no longer on planetary orbits
but are positioned in deep space. Hence, the (complex) orbital dynamics may
be omitted, but several types of disturbances (e.g. J2 perturbation) have to be
included. One direction for future research is to investigate the robustness of the
external control system of Section 5.3.2 when applied in a deep space setting.


