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The advent of powerful embedded systems and communications networks has spawned widespread interest in the problem
of cooperative motion control of multiple autonomous vehicles that will be engaged in increasingly demanding scientific and
commercial missions.

Time-Critical Cooperative Control of Autonomous Air Vehicles presents a theoretical framework that addresses new and challenging
multiple vehicle mission requirements, yielding control strategies for temporal coordination of networked autonomous agents
that are subjected to tight spatial constraints.

The book gives the reader a thorough, integrated presentation of the different concepts, mathematical tools, and networked
control solutions needed to tackle and solve a number of problems in the general area of time-critical cooperative control. In
particular, it integrates algorithms for path following and time-critical coordination that together give a team of unmanned air
vehicles (UAVs) the ability to meet simultaneously desired spatial and temporal specifications.

By including case studies in the control of fixed-wing and multirotor UAVs, the book effectively broadens the scope of application
of the methodologies developed. The theoretical presentation and simulations are complemented with the results of actual
flight tests with real UAVs.

This book is intended for researchers and practitioners from academia, research labs, commercial companies, government
agencies, and the international aerospace industry.
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Foreword

We can see on the horizon a new age of autonomous systems in which the opportu-
nities for applications are endless: self-driving cars and trucks, autonomous package
and cargo delivery systems, police and military operations, earth exploration, criti-
cal infrastructure inspection and maintenance, and medical diagnostics and operating
room robotics, to name a few. Autonomous systems with machine reasoning and intel-
ligence will forever change how machines serve humans. We are at the threshold of an
era when humans and machines understanding mission context, sharing understand-
ing and situation awareness, and adapting to the needs and capabilities of each other
with advanced communication systems, control algorithms, and sensor networks will
execute challenging scientific and commercial missions with unprecedented safety,
reliability, and performance.

Control theory brings together advanced mathematics, modeling and simulation,
and software development, and forms the kernel for the operating systems embedded
in autonomous systems. Control of multiple autonomous air vehicles is one of the
most challenging control problems due to the nature of flight. Each air vehicle control
and mission management system consists of nested control loops which must provide
inner-loop stability, command following, and outer-loop trajectory control to accom-
plish demanding tasks, as well as have the ability to reject/compensate for significant
environmental disturbances. The resulting architecture must manage tasks, generate
trajectories, enable vehicles to follow the corresponding paths, perform under fail-
ures, damage, or when things go wrong, and communicate critical information to all
systems that need it.

This book represents a welcome contribution to the literature on the development
of autonomous systems. It addresses key topics that are critical to the control of au-
tonomous air vehicles and provides a rigorous mathematical formulation for control
systems design and analysis. Clearly, having multiple air vehicles cooperate to ex-
ecute complex missions requires the ability to follow desired paths and complete
tasks at prescribed times, and to be able to do this under limited/constrained com-
munications networks. The authors Isaac Kaminer, Anténio Pascoal, Enric Xargay,
Naira Hovakimyan, Venanzio Cichella, and Vladimir Dobrokhodov bring together a
wealth of experience and theoretical rigor applied to the time-critical control of au-
tonomous fixed-wing and multirotor air vehicles. The first section of this book gives an
overview of a general framework leading to an architecture for trajectory generation,
path following, multi-vehicle coordination and communications, and inner-loop au-
topilot control. The key idea exploited is the decoupling of space and time that allows
using the velocities of the vehicles for coordination, while circumventing the perfor-
mance limitations of trajectory tracking controllers. This decoupling makes it possible
to account for heterogeneous vehicle dynamics. The second and third sections use the
framework proposed to address time-critical control of autonomous fixed-wing and
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multirotor air vehicles under very general assumptions on the topology of the under-
lying communications network. They also provide detailed algorithm development,
implementation details, and simulation examples that arise in the course of repre-
sentative mission scenarios. For the missions described, both relative and absolute
temporal constraints are considered. The mathematical machinery adopted to study
networked cooperative systems allows for the consideration of challenging issues such
as quantization in information sharing and low-connectivity in networks. Flight tests
of cooperative road search using fixed-wing UAVs and coordinated flight of multi-
rotors are used to illustrate the theoretical results. By bringing together theory and
practice, this book affords researchers and practitioners in the field of cooperative air
robotics a solid foundation to develop further theoretical work and pursue the im-
plementation of new methodologies. Both control system academics and aerospace
engineers will find the presentation intriguing, illuminating, and inspiring.

Kevin A. Wise
Senior Technical Fellow, Advanced Flight Controls
The Boeing Company

February, 2017



Preface

The advent of powerful embedded systems and communications networks has
spawned widespread interest in the problem of coordinated motion control of multiple
autonomous vehicles that will be engaged in increasingly challenging mission sce-
narios. The types of applications considered include, but are not limited to, intelligent
surveillance and reconnaissance, environmental monitoring, and data collection by ex-
ploiting tools available for networked control of multiple heterogeneous autonomous
robots. The latter include air, land, ocean-surface, and underwater vehicles. This book
focuses on autonomous air vehicles. However, the tools developed for multiple ve-
hicle coordination are sufficiently general to be extended and applied to the control
of other kinds of autonomous platforms. A large subset of the missions proposed for
air vehicles requires that they coordinate their motion in relative but not necessarily
absolute time. For example, in a rendezvous mission, the times of arrival of the vehi-
cles at their destinations may be required to be the same, but not specified a priori. To
meet the requirements imposed by these types of applications, a new control paradigm
must be developed that departs considerably from classical control strategies. To this
end, this book details a theoretical framework for cooperative autonomous air vehicle
control that addresses explicitly new and challenging temporal mission specifications,
together with stringent spatial constraints. In particular, the framework integrates al-
gorithms for path following and time-critical coordination that together provide a team
of Unmanned Air Vehicles (UAVs) with the ability to meet joint spatial and temporal
assignments.

The key contribution of this book is the development of a cooperative path-
following framework that addresses explicitly time-critical issues. In its essence, the
cooperative strategy proposed consists of assigning each vehicle a feasible path that
satisfies mission requirements and vehicle dynamic constraints and then having each
vehicle follow its assigned path while coordinating its position along that path with
the other vehicles in the team. This is accomplished by judiciously decoupling space
and time in the formulation of the trajectory-generation, path-following, and time-
coordination problems. The result is a systematic framework for integration of various
tools and concepts from a broad spectrum of disciplines leading to a streamlined de-
sign procedure accessible to a typical control engineer.

The book is organized in four parts with a total of twelve chapters. Two appen-
dices that review the necessary mathematical background and contain proofs of the
main theoretical results are also included. The organization of the different parts and
chapters is detailed next:

e Part I introduces the framework for multiple vehicle cooperation adopted in the
book and discusses a set of multi-vehicle mission scenarios that warrant the imple-
mentation of the proposed control architectures.
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Chapter 1 affords the reader a general description of the problems addressed
in the book and how they relate to previous work reported in the literature.
The chapter describes the practical motivation for the topics considered and
includes two illustrative UAV mission scenarios: cooperative road search and
sequential auto-landing.

Chapter 2 formulates the problem of time-critical cooperative path-following
control of multiple UAVs in 3D space. The chapter introduces also a set of as-
sumptions and constraints on the supporting communications network as well
as on the autopilots mounted onboard the UAVs.

Part II presents the cooperative path-following control framework for fixed-wing
UAVs.

Chapter 3 formulates the problem of path-following control for a single UAV,
and describes a nonlinear control algorithm that uses angular rates to steer the
vehicle along a 3D spatial path for an arbitrary feasible speed assignment along
the path.

Chapter 4 presents a strategy for time coordination of multiple UAVs, yielding
a framework for cooperative path following. The strategy proposed relies on the
adjustment of the speed profile of each vehicle based on coordination informa-
tion exchanged over the inter-vehicle communications network. In particular, a
set of coordination states and coordination maps is proposed that allows for the
application of the cooperative path-following framework to the case of path-
dependent, desired speed profiles.

Chapter S extends the coordination control law presented in Chapter 4 to
support time-critical multi-vehicle missions that impose absolute temporal con-
straints on the trajectories of the vehicles, in addition to relative temporal
assignments. The chapter addresses cooperative missions that require the ve-
hicles to strictly observe absolute temporal specifications, as well as missions
that only require the fleet to coordinate within a desired temporal window.
Motivated by the use of networks with finite-rate communication links, Chap-
ter 6 analyzes the effect of quantization on the stability and convergence prop-
erties of the closed-loop coordination dynamics. The results in this chapter
show that, depending on the design of the quantized coordination control law,
the closed-loop coordination error dynamics have undesirable “zero-speed” at-
tractors. A modification of the coordination control law presented in Chapter 4
is proposed that retains the origin as the only equilibrium point of the system
and prevents the existence of “zero-speed” equilibria.

Chapter 7 proposes a modification of the coordination control law intro-
duced in Chapter 4 with the objective of improving the convergence rate of
the closed-loop coordination dynamics in low-connectivity scenarios. The pro-
posed approach, which borrows and expands tools and concepts from the con-
trol of complex networks and logic-based communication protocols, leads to
an evolving extended network, whose topology depends on the local exchange
of information among vehicles.
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Chapter 8 presents the results of flight tests for a cooperative road-search
mission that show the efficacy of the multi-UAV cooperative framework. The
results demonstrate the validity of the proposed theoretical framework in a
specific realistic application as well as the feasibility of the onboard imple-
mentation of the algorithms developed.

e Part III extends the cooperative path-following control framework to multirotor
UAVs.

Chapter 9 presents a solution to the problem of path-following control for a
single multirotor UAV. The strategy departs from the control law for fixed-wing
UAVs described in Chapter 3 in that it is applicable to vehicles that may have
a zero velocity vector at some point during the execution of the mission.
Chapter 10 proposes a time-coordination algorithm that, similar to the one dis-
cussed in Chapter 4, relies on the exchange of coordination information over
the inter-vehicle communications network. However, the different dynamics
of multirotor vehicles require a different structure for the coordination control
law, which now adjusts the acceleration profile of the vehicles along their cor-
responding paths, instead of their speed profile.

Chapter 11 presents flight-test results of a team of multirotor UAVs executing
time-critical cooperative maneuvers.

e Finally, Part IV concludes the book:

Chapter 12 summarizes the current state of development of time-critical co-
operative path-following control, identifies some important open problems that
deserve further attention, and discusses the application of the proposed frame-
work to present and future multi-vehicle missions.
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