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“Now we are not afraid,
Although we know there’s much to fear,
We were moving mountains,

Long before we knew we could, whoa, yes.”

When you believe - a song from the 1989 animation film The Prince of Eqypt,
written and composed by Stephen Schwartz.
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Notations

Operator
Notation Description
T time derivative of x
AT transpose matrix of A

diag{z,y,2} diagonal matrix with the diagonal elements z,y, z

x| Pz for a vector x € R™ and a matrix P € R"*"

]l p
|| [|z1] 22| . . ]:En]]T for a vector z = [ zo...1,]" € R"
eig(A) eigenvalues of the square matrix A
sk(x) skew-symmetric matrix in R"*"
satisfying sk(x)v = = x v for any vectors z,v € R™
Re(z) real part of a complex number z
I, 0, identity matrix and zero matrix of size n x n
(x,y) xand y. E.g., (x,y) < zmeans x < z and y < z.
sign(x) sign of a real number x.
max(x,y) maximum value between two real numbers z and y.
sat(T, Tmax)  standard saturation function, applied for z = [z1,...,2,]" € R?
and its imit Tmax = [Tmaxss - - - s Tmax,] | € R
sat(r, Tmax) = [5at(21, Tmax, )s - - - 588 (T, Timax,, )] T
with sat(z;, Tmax,) = sign(x;) max(|x;|, Tmax,) for all i =1,...,n.

Number set and vector space

Notation Description

R set of real numbers

R, set of non-negative real numbers

R" vector space of n-dimension real vectors
Rm>n matrix space of m x n real matrices

v



Variables regarding a general system

Notation Description

& = f(x,u) general system with state vector & € R™ and input vector u € R™.

(ze, ue) equilibrium point satisfying f(x., u.) = 0

X, U the state and input constraint sets

z flat output vector in R™, same dimension with the input vector

Tz, To flatness-based representations of @ and w, respectively

wp, (1, 1) feedback linearization law with ¢ € {0, 1} the state-dependence indicator
1 virtual control input

Xer, constraint admissible set under the feedback liearization controller

Z(s),ui(s) predicted state and input at time instant s
employed in the optimization control problem (OCP) executed at time ¢
Z;(s),u;(s) optimal state and input solutions for the OCP at time ¢

Uloc local controller employed for designing an NMPC controller
Uz, u) stage cost of an NMPC controller
F(x) terminal cost of an NMPC controller

Variables regarding the multicopter system

Notation Description

m system mass
J & diag{J,, J,, J.} inertial tensor in R3*3

g global North-East-Altitude coordinate of the TPV system
B body coordinate frame attached to the TPV system
R rotation matrix transforming the body frame B to the global frame G
E2[ry 2]l position vector in R?

gathering three positions (x,y, z) defined in frame G.
v = vy v, v,]" velocity vector in R3

gathering three velocities (v,, vy, v,) along the three axes.
n=p6y)’ angle vector in R? gathering the roll, pitch and yaw angles.
w = [wy wy w,]T angle rate vector in R? defined in frame B.
T thrust magnitude in R
TE[T, T, 7" torque vector in R3

x2[Evnuw]’ state vector in R12

us [T 7,7, T.]" input vector in R*

x = f(x, u) dynamics of the thrust-propelled vehicle system

(Xuic, Unc) state and input constraint sets of the multicopter system
p=[¢v]T translation state vector in RS

w2 [T ¢ 0] the translation input vector in R?

p="f,(p,u,) translation sub-system

transformation matrix employed in (2.1.7)
angle boundary satisfying |¢|, |#] < € from (2.2.14)
angle rate boundary satisfying |w,|, |w,| < wp from (2.2.20)

&7 =




Nomenclatures

UAV
VTOL
FL
CTC
MPC
NMPC
FTC
FDI

Unmanned Aerial Vehicle

Vertical Take-Off and Landing
Feedback Linearization
Computed-Torque Control

Model Predictive Control
Nonlinear Model Predictive Control
Fault-Tolerant Control

Fault Detection and Isolation
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Chapter 1

Introduction

UAVs (Unmanned Aerial Vehicles) [Nex and Remondino, 2014, Gonzalez-Jorge et al., 2017] and
multicopters in particular (e.g., quadcopters, hexacopters as shown in Figure 1.0.1) in particular,
are already impacting our society: from military applications to assessing damage, locating
victims in case of natural disasters to delivering pizzas, and more [Intwala and Parikh, 2015,
Mogili and Deepak, 2018, Nascimento and Saska, 2019]. In the research community, these systems
are involved in a broad range of control applications including, among others, motion planning
[Mellinger and Kumar, 2011, Rucco et al., 2015], control designs [Hua et al., 2009, Rucco et al.,
2016,Nguyen et al., 2018b] and fault tolerant control [Freddi et al., 2010,Saied et al., 2015, Hasan
and Johansen, 2018].

——

\‘{/

(a) Quadcopter (b) Hexacopter

Figure 1.0.1: Examples of multicopters.

The multicopter (also referred as multirotor as in [Klausen et al., 2017, Nascimento and Saska,
2019]) is defined as a rotorcraft with more than two rotors and named accordingly to the specific
number of its rotors such as quadcopter, hexacopter or octocopter as illustrated in Figure 1.0.1.
Having more than two rotors, the multicopter system offers a simple flight control mechanics, i.e.:
using fixed-pitch blades and varying the rotor speeds to control their thrusts and torques [Intwala
and Parikh, 2015, Nascimento and Saska, 2019] (in comparison with the complex blade pitch
control mechanism applied for single- and double-rotor helicopters [Hoffmann et al., 2007] or
the constraints on banking and heading angle which appear at fixed-wing UAVs [Reinhardt
and Johansen, 2019]). However, note that, variable-pitch blades are still considered in some
works relating to the multicopters which require the vehicles to perform significantly aggressive
maneuvers [Cutler and How, 2012, Pretorius and Boje, 2014].

Even though the concept of a quadcopter system appeared long time ago with its first prototype,
named Bréguet-Richet Gyroplane No.1 built in 1907 by the brothers Louis and Jacques Bréguet
under the guidance of the French scientist Charles Richet [Leishman, 2002]. Yet the multicopters
have only started to gain substantial attention from the research community at the beginning
of the twenty-first century when the number of related works increased rapidly year over year
[Nascimento and Saska, 2019]. E.g., several works like [Altug et al., 2002, Bouabdallah et al.,
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2004, Cowling et al., 2007] were published in the early 2000s and then, we observe a massive
number of studies being presented up to now [Freddi et al., 2010, Chamseddine et al., 2012, Bipin

et al., 2014, Rucco et al., 2016, Hasan and Johansen, 2018, Nguyen et al., 2019b]. Hence, the
following question arises:

Why have the multicopters become so popular in the research community ?

The answer for this question is twofold. The first part relies on their natural properties which
seem to create a perfect exhibition for numerous control applications, i.e., strongly nonlinear
dynamics, under-actuated configuration [Nguyen et al., 2017b], high working frequency while
being limited by the low computational power of the on-board micro controllers [Nascimento and
Saska, 2019], relative ease to setup and especially their capacity to perform various autonomous
tasks such as navigation [Bipin et al., 2014], path following/ trajectory tracking [Roza and
Maggiore, 2012, Nguyen et al., 2018b], aerial rescue [Klausen et al., 2018] and so on. The
second reason is due to the widespread growth of civil applications involving the multicopters
[Giones and Brem, 2017]. The global drone market is estimated to reach 4.9 billions dollars
this year, 2019, and up to 14 billions over next decade according to the Reuters newspaper!.
Multicopters are already employed all over the world for aerial camera (e.g., photography and
filming), agricultural purposes [Gonzélez-Jorge et al., 2017, Mogili and Deepak, 2018], emergency
response, conservation, construction planning and aerial package delivery. For example, in 2014,
graduate student Alec Momont of Delft University of Technology has designed an unmanned
mini aeroplane that can quickly deliver a defibrillator to where it is needed?. In 2017, Land
Rover partnered with the Austrian Red Cross to design a special operations vehicle with a roof-
mounted, thermal imaging drone which can securely land atop the vehicle while moving. This,
so called, ”Project Hero”, hopes to save lives by speeding up response times?. Similarly, Zipline
(one of the most prominent venture-backed medical delivery companies) has launched delivery
drones in order to provide people in rural areas throughout Africa with instant access to urgent
medicines®*. Regarding the commercial transportation purposes, the octocopter of UPS shown

(a) UPS package delivery using an octocopter (b) “Prime Air” octocopter
(Photo: https://www.ups.com/) (Photo: https://www.amazon.com/)

Figure 1.0.2: Octocopters employed for aerial package delivery.

in Figure 1.0.2a is able to autonomously deliver a 4.5-kg package and come back to the delivery
truck within a 30-minute fly time while the “Prime Air” octocopter of Amazon as shown in
Figure 1.0.2b is anticipated to be able to lift a 25-kg package [Cheung et al., 2017]. These
examples further encourage the research community to seek and open similar problems, e.g.,
optimal control design for a camera multicopter [Engelhardt et al., 2016], autonomous landing

https://www.reuters.com/article/us-usa-security-drones/global-drone-market-estimated-to-reach-14-billion-over-next-decade-study-idUSKCN1UC2MU
https://www.tudelft.nl/en/2014/tu-delft/tu-delfts-ambulance-drone-drastically-increases-chances-of-survival-of-cardiac-arrest-patients/

https://www.cbinsights.com/research/drone-impact-society-uav/
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on a moving target [Borowczyk et al., 2017], 3D (three-dimensional) structure inspection by using
a camera multicopter [Eudes et al., 2018, Stoican et al., 2019], control design for multicopter with
suspended load [Klausen et al., 2017] and so on.

Hence, being motivated by the expanding use of multicopters as well as the existing challenges
in the research community when tackling the control of such systems, we provide in this thesis
our original findings related to the hierarchical control of multicopter systems. In this sense, a
literature review is provided in the following.

1.1 Hierarchical control for multicopters

As mentioned above, research and industrial communities have shown an increasing interest
in multicopter aerial vehicles, e.g., tricopter, quadcopter, hexacopter since they manifest strong
nonlinearities as well as being naturally coupling and having underactuated dynamics, i.e., having
six degrees of freedom (to fully describe the movement of a rigid body in three-dimensional space)
with only four inputs (the upward thrust and three angle torques) while their relative ease of
fabrication results in low-cost experimental platforms. The systems are also subject to many
operating and possibly non-convex or nonholonomic constraints [Nguyen et al., 2017b], hence,
being a real challenge to control.

In the literature, the solutions can be classified into two control design perspectives, the first is
to apply only one control layer which considers the whole multicopter dynamics and provides the
four inputs at once [Cowling et al., 2007, Chang and Eun, 2014] and the other is to take advantage
of the naturally coupling multicopter dynamics by employing a cascade control design [Hua
et al., 2009, Freddi et al., 2011, Formentin and Lovera, 2011, Nguyen et al., 2017b] . The latter
case is referred to as a hierarchical two-layer control scheme, shown in Figure 1.1.1 where the
position controller at high level tracks the reference trajectory by providing the necessary thrust
force and the desired angles while the attitude controller at low level stabilizes the vehicle’s
attitude at the desired set-points [Hua et al., 2009, Freddi et al., 2011]. Our works within this
thesis also follow the hierarchical control direction due to several reasons presented hereinafter.
Each control layer considers the translation and rotation dynamics of the multicopter system
separately, hence, reducing the complexity of the control designs. Furthermore, the stability
of the whole scheme is facilitated by the theory of singular perturbation, also referred as the
time-scale separation principle [Zagaris et al., 2004]. The design only needs to ensure that the
low control layer is exponentially stable and that the low level bandwidth is higher than the
one of the high level dynamics, thus, the high level controller can be designed ignoring the low
level loop [Nascimento and Saska, 2019] and furthermore, can be easily applied on commercial
drone platforms since most of them already have their built-in attitude controllers running at
significantly higher frequency [Intwala and Parikh, 2015, Giernacki et al., 2017].

Reference

Trajectory : N Thrust .
generation / trajectory Position _ M Multicopter
_ controller Attitude system
Path plannlng Desired ContrO”er
angles

Figure 1.1.1: General hierarchical control scheme for a multicopter system.

The general control scheme for the multicopter illustrated in Figure 1.1.1 is also similar
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to various control applications on different UAV systems [Prodan et al., 2013, Rucco et al.,
2015] where the first step is to generate a reference trajectory (or path) which is subject to
requirements defined by users (e.g., passing through way-points, pointing to targets, etc) as well
as operating constraints of the systems (e.g., respecting constraints on states and inputs) awhich
is subsequently tracked by the UAV by using tracking feedback controllers (e.g., the two-layer
controller for the multicopter’s case). Note that, many studies also consider only parts of the
scheme, e.g. works like [Chamseddine et al., 2012, Eliker et al., 2018, Nguyen et al., 2018a]
concentrate on the trajectory generation problems while works like [Formentin and Lovera,
2011, Cao and Lynch, 2016, Nguyen et al., 2019b] propose different tracking control designs
(while assuming the reference to be already given). In the following, we present in sequence the
state of the art in the two processes: trajectory generation and tracking control design for the
multicopters and also for UAVs in general.

1.1.1 Reference trajectory generation

The reference trajectory generation problem is crucial for any realistic multicopter applications
since these systems are challenging due to their strongly nonlinear dynamics and various con-
straints on states and inputs. Hence, an infeasible trajectory (in the sense of one which does not
respect the internal dynamics or disregards the constraints, e.g., a step reference) causes much
difficulty for the later tracking process and probably leads to poor control performance or even to
instability [Chamseddine et al., 2012, Prodan et al., 2013, Klausen et al., 2017]. It is worthwhile
to mention that for the multicopter case, angles are expressed as second order derivatives of
position (i.e., accelerations) and torques as fourth order derivatives. Hence, a trajectory which
appears to be reasonable in its position, can still be extremely challenging to track.

In the literature, such a feasible trajectory for multicopter systems is usually obtained by solving
an optimization problem subject to constraints (e.g., passing through waypoints, speed/angle
limitations, and the like). This process can be done either off-line or online depending on the
application purposes and in general, an online algorithm takes into account less constraints than
the off-line one [Hehn and D’Andrea, 2015, Rousseau et al., 2019] (further information will be
provided hereinafter). We may classify existing approaches as follows:

1. From path to trajectory:

The steps to follow in this approach are: generate a suitable geometric path (e.g. passing
through way-points, having collision-free behavior) and parametrize it in terms of time.
Then, we scale the time while checking the imposed constraints until obtaining a feasible
trajectory [Hoffmann et al., 2008, Mellinger and Kumar, 2011, Bipin et al., 2015, Rousseau
et al., 2019]. Both the path and the time functions need to be parametrized by using
specific splines: e.g. B-splines [Piegl and Tiller, 1995] as employed in [Hoffmann et al.,
2008,Bipin et al., 2015,Rousseau et al., 2019] or piecewise polynomial functions as employed
in [Mellinger and Kumar, 2011]. The scaling can be done by solving an optimization
problem as in [Rousseau et al., 2019] or by iterating the tuning process [Mellinger and
Kumar, 2011].

2. Trajectory parametrization with predefined time range:
We parametrize the trajectory by using specific splines without pre-planning a path. Then,
construct an optimization problem in terms of the trajectory, in which, the internal dynam-
ics as well as all the imposed constraints (or only part of them if some simplifications are
required for real-time generation [Hehn and D’Andrea, 2015]) are taken into account. The
cost is to minimize certain objectives such as, curve length by using B-spline parametriza-
tion [Stoican et al., 2017, Nguyen et al., 2018b], fuel consumption by using Laguerre and
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Chebyshev polynomials [Cowling et al., 2010] or also final time instant by using a pice-
wise function defined by the authors of [Hehn and D’Andrea, 2015]. Note that, the choice
of the parametrization facilitates the construction of a specific cost function, hence, an
inappropriate choice complicates the problem without any qualitative gain.

3. Trajectory generation using the MPC approach:

This approach solves an MPC (Model Predictive Control) optimization problem for gener-
ating a point-to-point trajectory. The cost is chosen such as to minimize the distance from
the initial state to the final target and the constraints consist of the internal dynamics and
further operating constraints on states and inputs. If the MPC problem is infeasible to
solve which may be due to the conservativeness of the constraints, the method requires the
user to increase the prediction horizon (i.e., the time required for reaching the target) in
order to obtain a solution. Examples for this trajectory generation method can be found
in [Singh and Fuller, 2001, Mueller and D’Andrea, 2013, Engelhardt et al., 2016].

Note that depending on the complexity of the established algorithms, the process may need
to be solved off-line [Stoican et al., 2015, Stoican et al., 2017, Cowling et al., 2007] or can be done
on-line [Prodan et al., 2013, Mellinger and Kumar, 2011, Hehn and D’Andrea, 2011, Hehn and
D’Andrea, 2015]. Some differences between the two approaches are given as follows:

e When solving an off-line trajectory generation (almost) all of the system’s state and input
constraints are taken into account since the restrictions on the computation time are usually
less demanding [Cowling et al., 2007].

e When solving on-line the planning problem, only some constraints (e.g., passing-through
way-points [Prodan et al., 2013, Mellinger and Kumar, 2011], maximum thrust force [Hehn
and D’Andrea, 2011, Hehn and D’Andrea, 2015]) can be considered and after finishing the
process, the rest of the constraints (e.g., rotors speed bounds) are checked. If they are not
validated, some adjustments are made (e.g., reducing the maximum thrust, relaxing the
time constraints) and the algorithms iteratively solve the optimization problems [Mellinger
and Kumar, 2011, Hehn and D’Andrea, 2011, Hehn and D’Andrea, 2015]:

From the above summary, it can be observed that all the existing methods are required to check
the constraints on states and inputs as well as the internal dynamics of the systems. This is
not an easy task since the considered dynamics are strongly nonlinear and in high dimensional
spaces. An appropriate tool for tackling the constrained trajectory generation problem is repre-
sented by differential flatness [Fliess et al., 1995]. Recently, many works related to the trajectory
generation for the UAVs have made use of this concept. For example, by using flatness, [Cowl-
ing et al., 2007] generates a reference trajectory with minimum fuel consumption and [Bouktir
et al., 2008, Chamseddine et al., 2012] address the minimum-time trajectory generation prob-
lems. Also, [Mellinger and Kumar, 2011] considers a trajectory passing through way-points and
staying within the defined safety corridors. By further combining B-spline parametrization [Piegl
and Tiller, 1995] with the flatness properties, [Prodan et al., 2013| obtains a trajectory pass-
ing through way-points with constant velocity, [Stoican et al., 2017, Nguyen et al., 2018b] can
generate a trajectory with minimum-length subject to various constraints and [Rousseau et al.,
2019] achieves a minimum-time trajectory with corridor constraints. Hence, we will briefly ex-
plain in the following what is differential flatness and why it is appropriate for works related to
trajectory generation and control designs for the UAVs and multicopters systems.

Differential flatness: A generic system is called differentially flat if there exists a flat out-
put defined in terms of states and inputs of the system such that, the states and inputs can
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be expressed algebraically by using only the flat output and a finite number of its higher-order
derivatives (the reader is referred to Definition 2.2.1 for a more detailed version). It is inter-
esting that, by coincidence, the flat outputs of the general fixed-wing UAV and the multicopter
systems are also their controlled outputs, i.e., the 2D position for the fixed-wing UAV [Pro-
dan et al., 2013] as well as the 3D position and the yaw angle (direction angle) in case of the
multicopter system [Chamseddine et al., 2012, Nguyen et al., 2018b] (the multicopter’s case will
be discussed further in Chapter 2 of the thesis). Therefore, whether the notion of flatness is
explicitly mentioned or not, a great part of the existing works on the trajectory generation for
the UAVs employ all or some of the flatness properties within their algorithms. For example,
works like [Hehn and D’Andrea, 2011,Hehn and D’Andrea, 2015] do not specifically mention the
use of flatness, but they make use of an input thrust of the quadcopter system which is given
in terms of its 3D position (i.e., part of the flat output) and up to its second derivatives, hence,
being exactly a flatness-based representation. We emphasize this since there exists a searching
procedure introduced in [Lévine, 2011| which can find the flat output and the corresponding
flatness-based representations of a generic, flat, system, hence, reducing time and improving the
compactness when formulating the problems.

The widespread use of the differential flatness and its huge impact on the trajectory generation
problems is due to the fact that the flat output characterizations allow us to mathematically
formulate a reference path that validates specific objectives (i.e., passing through a priori given
way-points, fuel consumption minimization, time-to-target minimization and state/input con-
straints satisfaction) [Cowling et al., 2007, Chamseddine et al., 2012, Prodan et al., 2013, Stoican
et al., 2017]. One more advantage of constructing the flatness-based representations is that they
can further provide us with some robustness properties (e.g., maintaining the angular constraints
irrespective of the changes in the predefined yaw angle [Nguyen et al., 2018a]) and also a clear
path for feedback linearization [Hagenmeyer and Delaleau, 2003]. Therefore, by exploiting the
differential flatness property of the systems, the challenging tasks associated to trajectory gener-
ation and feedback linearization control design (with the added possibility of deriving robustness
properties) can be alleviated.

Recalling the reference trajectory classification delineated at the beginning of this subsection,
we briefly summarize next some parametrizations usually employed in the literature for the first
two methods.

Polynomials parametrization: With their strengths already validated through a massive
number of robotics applications during recent years [Chand and Doty, 1985, Ata, 2007], using
the polynomials appears as a natural choice for solving the trajectory generation problem. The
main advantage is that the polynomials provide familiar formulations with clear interpretation.
Works like [Kaminer et al., 2006, Cowling et al., 2010, Mellinger and Kumar, 2011] firstly define
the trajectory as standard polynomials in terms of a virtual time variable and then, parametrize
the variable as another polynomial of the real time. The approach succeeds in dealing with
various convoluted constraints and conditions such as passing through way-points, collision-
free and changing time coordinates for multiple UAVs [Kaminer et al., 2006] as well as staying
within safety corridors [Mellinger and Kumar, 2011]. Furthermore, [Cowling et al., 2010] presents
a thorough comparison between using Chebyshev, Laguerre functions [Fahroo and Ross, 2002,
Valencia-Palomo and Rossiter, 2010] and the polynomial parametrization within the trajectory
generation problem for a quadcopter system in which, the latter appears as the best candidate.
However, a draw back of the polynomials is that their degree increases accordingly to the number
of constraints [Cowling et al., 2010] and the coefficients (i.e., the tuning parameters) do not
provide any direct and illustrative meaning. Therefore, for more recent applications, another
parametrization with more advantages (namely, B-spline functions) is replacing the classical
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polynomials.

B-splines parametrization: B-splines [Piegl and Tiller, 1995] are involved in plenty of
studies on the trajectory generation for UAVs and multicopters [Hoffmann et al., 2008, Prodan
et al., 2013, Bipin et al., 2014, Nguyen et al., 2018b, Rousseau et al., 2019]. A B-spline curve is
parameterized by a set of control points and a knot vector which defines the moments when the
curve switches between two polynomial basis functions. The two most interesting properties of
the B-spline curve are given as follows:

1) the curve always lies within the convex hull of the control points;

2) a derivative of the B-spline function can be expressed in terms of a linear combination of
the basis functions [Suryawan et al., 2011, Mercy et al., 2017].

The first property inspires various geometrical applications on the UAVs and multicopters, e.g.,
[Stoican et al., 2017] and [Rousseau et al., 2019] generate the reference trajectories constrained
to pass through (or near) predefined way-points and to stay within a polytope and a cylindrical
flight corridor, respectively. Next, the linear derivative relation helps to greatly reduce the
complexity when formulating the constraints or the cost functions which employ the high-order
derivatives of the trajectory. For example, [Stoican et al., 2015] and [Nguyen et al., 2018b]
consider the problem of minimizing the lengths of the reference trajectories for the UAV and
the multicopter, respectively, in which, the cost functions given in terms of the velocity are
transformed into a quadratic function of the control points, and hence, become easy to solve
for its minimum value. It is worth mentioning that most of the works employ a uniform B-
spline which requires the knot vector (i.e., defining the switching moments between different
basis functions) to be equally distributed [Hoffmann et al., 2008, Prodan et al., 2013, Stoican
et al., 2015, Stoican et al., 2017] and this causes difficulty when considering the minimum-time
trajectory generation problem. Therefore, by considering non-uniform B-spline curves, the works
in [Bipin et al., 2015, Rousseau et al., 2019] can mitigate the issue and succeed in minimizing
the time for reaching their targets.

MPC (Model Predictive Control): MPC (or also referred as receding horizon control)

is a control strategy in which, an optimization problem, subject to system dynamics, state and
input constraints and initial condition, is solved at each time step to obtain an optimal control
sequence for a finite number of future steps (the so called prediction horizon). From the sequence,
the first input value is applied to the system. At the next time step, the newly obtained state is
introduced into the optimization problem as the new initial condition. The process is repeated
to create the closed-loop controlled system [Alamir and Bornard, 1994, Mayne et al., 2000, Griine
and Pannek, 2011]. The strategy is well-known for its capability of handling explictly constraints
while having a structural design. The cost function of the optimization problem is usually de-
signed to minimize the tracking error (e.g. being a quadratic form in terms of the error) for the
standard tracking control design or even to maximize the economic benefits for the, so called,
economic MPC controller [Rawlings et al., 2012]. Due to its implicit control law resulted from
solving the optimization problem, typical issues on designing the MPC scheme are closed-loop
stability, feasibility of the solution and also computation burden [Mayne et al., 2000].
In order to apply the MPC method within the trajectory generation problem, besides the initial
condition, we also constrain the final predicted state to arrive to the predefined ending point.
The optimization problem is solved once and the optimal state sequence is used as the reference
trajectory. The method requires to tune the prediction horizon such that the problem is feasible.
Note that the approach also allows to reconfigure the trajectory by simply introducing a new
initial condition to the MPC scheme [Hehn and D’Andrea, 2015].
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Next, we summarize the existing approaches on designing the tracking controllers for the multi-
copters. The main sources of the study are the comprehensive bibliography reviews [Hua et al.,
2013] and [Nascimento and Saska, 2019].

1.1.2 Tracking control architectures

In Figure 1.1.1, we do not explicitly define the outputs of the attitude controller nor the in-
puts of the multicopter system since they are very diverse for various applications. E.g., some
platforms receive thrust and angles as their inputs as in [Giernacki et al., 2017, Nguyen et al.,
2018b] while others can admit thrust and angle rates as used in [Hehn and D’Andrea, 2015].
Therefore, we classify existing works on the multicopter control by the inputs admitted by the
employed platforms. The classification is summarized in Figure 1.1.2 which should be read from
up to down. We emphasize that accepting the inputs of the platforms also implies a certain

Position, l Reference trajectory Simplification 4
angles _ level
—>‘ Position controller ’ Constraints on

Desired | Desired yaw angle

thrust angles 5

( Attitude controller \

‘ Attitude kinematics controller |

Desired angle rates 4

Internal rotors dynamics Actuator faults
& speed control

Rotor speeds

: Angl
" Complete dynamical model ngle rates

Position, angles L of multicopter system

Angles

Figure 1.1.2: Classification of tracking control designs for the multicopters.

simplification level w.r.t. the full dynamical model of the multicopter represented by the blue



1.1. Hierarchical control for multicopters 9

box at the end of Figure 1.1.2. For example, at the simplification level 1 corresponding to the
less simplified multicopter dynamics employed in the control scheme, the inputs are defined as
its actual rotor speeds which are different from the rotor speeds references resulted from the
whole control scheme [Jiang et al., 2016, Borisov et al., 2017]. The internal rotor dynamics and
even actuator faults (if applicable) act as the uncertainties affecting the system. In contrast, at
the highest simplification level 5, the employed platforms receives the desired values of thrust
and angles as its inputs [Giernacki et al., 2017, Nguyen et al., 2018b,Eudes et al., 2018]. (i.e., the
platforms already have their built-in controllers which control the rotors to stabilize the platform
at these desired inputs), and hence, works classified at this level consider only the translation
dynamics of the multicopter system while neglecting the rest of the scheme. More precisely, the
existing works are classified as follows:

e Level 1: As mentioned above, the works at this level distinguish the actual rotor speeds
and their references provided by the designed controller. Hence, they can take into account
the rotor dynamics (e.g., can be explicitly given as in [Bouabdallah et al., 2004] but mostly
being simplified as saturation effects [Jiang et al., 2016, Borisov et al., 2017] or low-pass
filters [Shao et al., 2018]) and actuator faults such as loss of efficiency [Chamseddine et al.,
2012, Avram et al., 2017], complete loss of rotor(s) [Mueller and D’Andrea, 2014, Falconi
et al., 2016, Sun et al., 2018] and stuck rotor faults [Freddi et al., 2011, Nguyen et al.,
2017b]. Hence, this level includes the works on FTC (Fault Tolerant Control) designs
and/or on the designs of the related fault diagnosis modules [Hasan and Johansen, 2018].
For the control design part, a two-layer hierarchical control scheme is usually employed.
The position controller at the high level provides the desired thrust and the desired angles
for the controller at the low level, called attitude controller, to track. Then, the attitude
controller gives the desired torques which are combined with the desired thrust in order to
calculate the rotating speed references for the rotors. Note that, as aforementioned, the
actual rotor speeds (i.e., the inputs of the multicopter system) track these references but
are subject to the rotor dynamics and faults.

e Level 2: The multicopter system at this level admits its inputs as the rotor speeds under
actuator saturation constraints only (i.e. still under the simplified rotor dynamics but
not subject to fault(s)) [Chen and Huzmezan, 2003, Monteiro et al., 2016, Convens et al.,
2017, Wang et al., 2017]. For guaranteeing these constraints, it is necessary to design the
aforementioned two-layer hierarchical control scheme subject to polytopic constraints on
the desired thrust and torques due to the use of the control allocation (i.e., the linear
relation between the desired thrust, torques and the rotor speed references). A natural
solution is to employ the (Nonlinear) MPC controllers as proposed in [Monteiro et al.,
2016, Wang et al., 2017]. Other methods can be considered as H — oo as proposed [Chen
and Huzmezan, 2003] or a sophisticated Lyapunov control design as given in [Convens
et al., 2017].

e Level 3: This level contains most of the existing works related to the control designs
of the multicopters. At this level, the inputs of the system are considered as either the
rotor speeds references without constraints (which are equivalent to the desired thrust,
torques without constraints due to their linear relation described by the control allocation)
as in [Hua et al., 2009, Formentin and Lovera, 2011, Mellinger and Kumar, 2011, Roza and
Maggiore, 2012, Klausen et al., 2014, Nguyen et al., 2017b] or with more difficulty, the
desired thrust and torques subject to their saturation constraints [Limaverde Filho et al.,
2016, Lu et al., 2017, Nguyen et al., 2017a]. The first class represents for the nominal de-
signs of the aforementioned hierarchical control scheme where the main goal is to establish
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the stability of the whole scheme by designing the position and attitude controllers while
no input constraints are taken into account. This freedom facilitates various sophisticated
control applications such as Lyapunov-based design [Hua et al., 2009, Mellinger and Kumar,
2011], flatness-based control [Formentin and Lovera, 2011, Nguyen et al., 2017b], output
feedback linearization control [Roza and Maggiore, 2012], Model Predictive Control [Engel-
hardt et al., 2016, Zanelli et al., 2018] and so on. For the second class, in which the desired
thrust and torques are subject to the saturation constraints, the related works usually ap-
ply a hierarchical optimization-based controller for counteracting these problems. E.g., [Lu
et al., 2017] designs an MPC scheme at the high control level and an H — oo controller
with a disturbance observer at the low control level. In a similar fashion, [Nguyen et al.,
2017a] employs an MPC position controller for guaranteeing the constraint on thrust and
next, uses a combination of computed-torque control [Craig, 2005] and MPC for ensuring
the torque constraints.

e Level 4: In this category, the multicopters are considered to admit the desired thrust and
three angle rates as their input [Hehn and D’Andrea, 2011, Mueller and D’Andrea, 2013, Ha
et al., 2014, Hehn and D’Andrea, 2015]. Therefore, at this level, besides the translation
dynamics, only the attitude kinematics (i.e., describing the dynamical relation between the
attitude and the angle rates) are considered and as a result, it is more convenient to control
both of them at once. For example, works from the group of D’Andrea Raffaello [Hehn
and D’Andrea, 2011, Mueller and D’Andrea, 2013, Hehn and D’Andrea, 2015] solve one
optimization problem (being similar to a MPC approach [Mayne et al., 2000]) subject to
constraints on states and inputs of the system (considered decoupled, for simplification)
in real time. The first optimal input values are applied to the multicopter and then,
the algorithm re-plans the entire trajectory from the present state. Similarly, [Ha et al.,
2014] constructs only one passivity-based adaptive backstepping controller for tackling the
trajectory tracking problem of the multicopter dynamics described by this simplification
level.

e Level 5:  There exist some multicopter platforms which already have their built-in
controller to stabilize the system at the desired values of thrust and angles [Giernacki
et al., 2017, Nguyen et al., 2018b, Eudes et al., 2018]. Therefore, using these platforms
allows the researcher to concentrate only on developing the position controller [Roza and
Maggiore, 2014, Nguyen et al., 2018b, Nguyen et al., 2019b]. Note that, even though
we are classifying this category at the highest simplification level of the dynamics, it
does not imply that the position control designs of these works are simpler than those
of the other levels, but probably vice versa. E.g., [Roza and Maggiore, 2014] proposes
the general principles for designing the position controller with almost global stability
guarantee, then, apply the theorem on three different control designs. [Nguyen et al.,
2018b] and [Nguyen et al., 2019b] follow the aforementioned theorem and construct a
flatness-based feedback linearization controller and an NMPC (Nonlinear MPC) controller
with guaranteed stability, respectively.

By this summary, we have classified the works related to the multicopter control designs in
the literature based on the complexity of the employed dynamical models (see again Figure
1.1.2). Their corresponding main difficulties as well as the typically employed solutions are also
discussed. In the following, we provide some recent updates on designing the position and the
attitude controllers.
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Position control designs:

The position control problem of the multicopters has been studied with vigour in the literature
recently [Nascimento and Saska, 2019]. The position controller is responsible for controlling the
outer loop which provides the desired thrust and the desired angles for the low control level
to follow. The goals of the control designs can be for trajectory tracking [Hoffmann et al.,
2008, Nguyen et al., 2018b], for target tracking (i.e., stabilizing or hovering at a desired point)
[Choi and Ahn, 2014, Kuantama et al., 2018, Nguyen et al., 2019b] and even only for altitude
tracking [Munoz et al., 2017]. Over two hundreds different works are summarized and classified
in the bibliography review [Nascimento and Saska, 2019] which show a diversity of the employed
control methods: adaptive control [Borisov et al., 2017], backstepping control [Ha et al., 2014],
differential flatness-based [Formentin and Lovera, 2011, Nguyen et al., 2017b], Lyapunov-based
control [Hua et al., 2009, Convens et al., 2017], NMPC [Merabti et al., 2015, Nguyen et al.,
2019b] and so on. Among them, we find out interest in the method of feedback linearization
control based on differential flatness [Hagenmeyer and Delaleau, 2003] which not only benefits
from the existing flatness representation of the multicopter system (c.f. the use of flatness
on the trajectory generation as detailed in Section 1.1.1) but also provides several robustness
properties on the roll, pitch angles under undefined yaw angle as detailed in [Nguyen et al.,
2018b]. Theses properties are useful when considering actuator faults (c.f. Level 1 of the
classification given at the beginning of this section) which usually lead to uncontrolled yaw
motion [Freddi et al., 2011, Nguyen et al., 2017b]. Especially, this control design facilitates the
construction of an invariant set which can be employed to guarantee the stability of an NMPC
controller as introduced in [Nguyen et al., 2019b].

Attitude control designs:

Recalling the classification given in Figure 1.1.2, we consider that the attitude control problem
is to stabilize the whole rotation dynamics at the desired angles with the inputs defined as the
desired torques. Our definition is different from the one of the bibliography review [Nascimento
and Saska, 2019] where the authors define the attitude control problem as only the attitude
kinematics controller shown in Figure 1.1.2. To the best of our knowledge, this covers most of
the works related to attitude control in the literature while the works considering the angle rates
as the multicopter inputs (i.e., belonging to the simplification level 4 of our classification given
in Figure 1.1.2) are in minority.

The attitude control designs gained a substantial interest in the research community in the
last 6 years [Nascimento and Saska, 2019] and various control methods have been applied in the
literature: PID [Bolandi et al., 2013, Yu et al., 2015], dynamics inversion control (e.g., computed-
torque control) [Nguyen et al., 2017b, Das et al., 2009], Lyapunov-based control [Mellinger and
Kumar, 2011], quaternion-based control [Do, 2015, Liu et al., 2015], (Nonlinear) MPC [Alexis
et al., 2014, Nguyen et al., 2017a] and so on. Beside the common goal of stabilizing the attitude,
there also exist several interesting directions as follows:

e robust control designs with disturbance rejection. E.g.: [Lu et al., 2017] combines dis-
turbance observer-based control and H — oo control in order to construct a composite
hierarchical anti-disturbance controller. Also, [Lotufo et al., 2019] makes use of active
disturbance rejection control and embedded model control to design its robust attitude
controller against multiple disturbance types.

e FTC designs for counteracting specific actuator faults (i.e., employed for the works at the
simplification level 1 of our classification): loss of efficiency [Chamseddine et al., 2012,
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Avram et al., 2017], complete loss of rotor(s) [Mueller and D’Andrea, 2014, Falconi et al.,
2016, Sun et al., 2018] and stuck rotor faults [Freddi et al., 2011, Nguyen et al., 2017b].

The foregoing literature review demonstrates the variety and vastness of the existing ap-
proaches on trajectory planning and control designs for the UAVs and the multicopters in par-
ticular. It also proves the tremendous interest in drone applications (e.g., applied control designs,
mapping, navigation, aerial photography), shared by both research and industrial communities.
However, we find out that there are still several open problems in the literature which, if being
solved, will strongly improve and expand the use of the multicopters. These questions will be
addressed in the following section.

1.1.3 Open problems

Problem 1. [Constraints validation under change of the predefined direction angle]
Usually, a reference trajectory for a multicopter system is generated with a desired direction
(yaw) angle [Cowling et al., 2007, Lu et al., 2017, Abadi et al., 2019]. However, changing of
the predefined direction angle during flight is necessary and unavoidable for some realistic and
common applications such as aerial photography [Engelhardt et al., 2016] or consideration of
faults [Chen and Jiang, 2005, Freddi et al., 2011]. Therefore, the a priori computed flight path
may become suboptimal or even infeasible and, hence, impossible to follow/track. Consequently,
it is worth investigating on effective states/inputs constraints for the multicopter system which
do not depend on a predefined yaw trajectory, and hence, can be satisfied even under change of
the direction angle during flight.

Problem 2. [NMPC design with stability guarantee and fast response requirement]
Let us consider various existing NMPC designs for a multicopter system [Zanelli et al., 2018, Li-
maverde Filho et al., 2016, Mueller and D’Andrea, 2013] and also for a fixed-wing UAV sys-
tem [Prodan et al., 2013, Gros et al., 2012]. It is well-known that the common problems for an
optimization-based controller are its heavy computational burden and the difficulties in guaran-
teeing the feasibility of the solution as well as the closed-loop stability (even for nominal con-
sideration) due to its implicit control law [Alamir and Bornard, 1994, Mayne et al., 2000, Alamir
and Murilo, 2008]. These issues are even more critical for aerial vehicles since they requires
not only rapid but also accurate responses. The foregoing works on NMPC designs for UAVs
concentrate only on reducing the computation time but disregard the stability and the feasibility
problems, hence, possibly yielding an infeasible solution or even leading to instability. Thus,
designing an NMPC scheme which not only requires fast computation time but also guarantees
the closed-loop stability as well as the feasibility still remains an open and valuable question.

Problem 3. [NMPC design with semi-global stability guarantee] C.f. Problem 2, there
exists a region of attraction for any NMPC design with guaranteed stability [Alamir and Bornard,
1994, Mayne et al., 2000, Griine and Pannek, 2011]. It is also trivial that increasing the prediction
horizon length of the NMPC controller will enlarge this region. However, the prediction horizon
has its upper limit due to the effect it has on computation time, hence, limiting the region of
attraction around the desired equilibrium. Thus, an NMPC design with guaranteed stability
whose region of attraction is easy to tune such that it covers a compact set containing feasible
initial states of the system even with a fixed value of the prediction horizon (so called semi-global
stability) is new to the state of the art.

Problem 4. [Functioning under stuck actuator fault and constraints| In the literature,
an unique stuck rotor fault is considered for the spacecrafts [Yang and Lum, 2003, Marzat et al.,
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2012, Jiang et al., 2016] and for the quadcopter system [Freddi et al., 2011,Nguyen et al., 2017b].
Specially, for more information, once being stuck, the faulty actuators keep rotating at a constant
speed regardless of the variation of the control inputs. Thus, under a unique stuck rotor fault,
the quadcopter system not only loses one degree of freedom in its control ability but also gains
persistent external disturbances [Chen and Jiang, 2005]. The aforementioned existing works all
assume that the fault diagnosis module is already installed to detect, isolate, and identify the
fault parameters, i.e., the stuck rotor and its associated speed, and then, propose the control
reconfiguration designs and several related analysis. However, due to the complexity of the
faulty system, these works do not consider any actuator constraints. This may lead to harmful
saturation effects under real applications and as a result, the desired control properties (e.g.,
stability, performance) cannot be held. Therefore, improving the works on counteracting the
stuck actuator fault for the multicopter as in [Freddi et al., 2011, Nguyen et al., 2017b] is also
an interesting question.

1.2 Thesis orientation

The bibliography review detailed in Section 1.1 highlights the fact that the motion planning
problem for a multicopter system shows a great deal of variety in the employed dynamical mod-
els, control architectures and design methods. Thus, in this thesis, we limit ourselves to the
most general control architecture for a standard multicopter system which is illustrated at the
simplification level 3 in Figure 1.1.2. The scheme consists of a trajectory planner, a two-layer
hierarchical control scheme in consideration of the constraints on states and inputs (i.e., thrust
and three angle torques). Bear in mind that without specifying the multicopter’s type, we do
not have the rotor configuration (i.e., number and arrangement), hence, we cannot obtain the
rotor speeds (i.e., required for applying the simplification levels 1 and 2 in Figure 1.1.2).

The control approach considered within the thesis is to generate off-line a feasible reference tra-
jectory with respect to the nominal functioning of the multicopter system and then, to design
the tracking hierarchical controller. Regarding the trajectory generation, the reference has to
pass through way-points, to satisfy the system constraints and to take into account that the
yaw motion can be modified during flight due to intentional change for aerial camera/filming
applications or due to faults. We exploit the differential flatness properties of the multicopter
system for seeking a solution to Problem 1, i.e., maintaining the constraints satisfactions (i.e.,
the feasibility w.r.t. to the system) of the reference trajectory under change of the predefined
yaw angle.

Next, for the tracking control design, we exploit the properties of a feedback linearization con-
troller via flatness at the high level and a computed-torque controller at the low level. We first
deal with the trajectory tracking problem under these feedback linearization controllers. Then,
in order to fulfill various state and input constraints of the nonlinear multicopter dynamics,
NMPC appears as a suitable candidate. Noticing Problems 2 and 3, we also analyze the stabil-
ity, feasibility and computation burden problems affecting the NMPC controller.

Furthermore, we concentrate on a particular type of multicopter, the quadcopter, to propose
solutions for Problem 4 which addresses questions on a reliable control design for such systems
under a stuck actuator fault.
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1.3 Thesis contributions

This thesis addresses the multicopter hovering, trajectory generation and tracking problems
through a coherent hierarchical control framework exploiting the properties of differential flat-
ness, feedback linearization, and in particular computed-torque control, and NMPC design with
stability guarantees.

More precisely, the trajectory generation problem is solved by combining the differential flatness,
B-spline parametrization and the robust angular constraint formulations proposed in [Nguyen
et al., 2018a]. The resulted trajectory achieves the minimum length curve and validates the sys-
tem constraints even under mismatches on the desired direction angle tracking. The approach
is validated over a generic indoor trajectory generation application [Nguyen et al., 2018b] and
a building inspection scenario where the vehicle’s direction is varying over time for pointing
the mounted camera towards the building [Stoican and Prodan and Gretli and Nguyen, 2019].
Then, the flatness representation of the system and the angular constraint formulations de-
signed in [Nguyen et al., 2018a] further facilitate a feedback linearization (FL) design for the
position controller at the high control level with saturation guarantees. An unstable mode of
this controller is also addressed which can lead to instability in case of large altitude error even
under nominal functioning. The controller is validated through simulation and experimental
tests over the Crazyflie 2.0 quadcopter platform [Nguyen et al., 2018b]. It is worth mentioning
that our method is tested independently through numerical experiments in the Gazebo software
by [Silano et al., 2019], which highlight its effectiveness.

Furthermore, a hierarchical optimization-based control scheme is first introduced in [Nguyen
et al., 2017a] (where linear MPC-based controllers are employed at both the two control layers)
and is significantly developed in the thesis by using different NMPC (Nonlinear Model Predictive
Control) designs with guaranteed stability. More precisely, for the position controller at high
level we employ:

1. NMPC design with terminal constraints: The design is an extension of our work in [Nguyen
et al., 2019b] which includes an invariant set under the aforementioned FL controller and
standard qudratic stage and terminal costs. The tuning parameters are chosen according to
the existing NMPC design principles in order to establish the (locally) asympotic stability
of the closed-loop system. Then, by exploiting the special construction of the admissible
set, we are able to enlarge infinitely the terminal region (if not restricted otherwise by
state constraints), hence, also increasing the domain of attraction unlimitedly and finally,
achieving the semi-global stability property of the design.

2. NMPC design using a terminal relaxed invariant set [Nguyen et al., TSMC]: The design is
constructed similarly to the previous one but using a dé-invariant set (with § the sampling
time of the NMPC controller) as its terminal region. The set allows the state to escape
from itself but guarantees that it will come back at predefined periodic time instants and
always stay within the admissible set. Due to this relaxation, the terminal region can be
obtained through simple box-type constraints. This reduces the complexity of the NMPC
optimization problem (i.e., less computation burden) and ensures the closed-loop stability.

3. NMPC design without terminal constraints [Nguyen et al., 2020c]: This design ensures the
closed-loop stability by defining an appropriate prediction horizon length corresponding to
a specific domain of attraction. A thorough analysis is conducted by applying the existing
design procedure to the FL controller which provides the shortest required length as 150
steps in comparison with thousands steps obtained when using a standard linear controller.
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Next, for the attitude controller at the low control level, we present a general construction
of an admissible invariant set under the classical CTC (Computed-Torque Control) law of a
“computed-torque like” system and employ it as the terminal region within an NMPC design
for guaranteeing the closed-loop stability. Next, the approach is applied to design the NMPC
attitude controller with further improvements on the parameter calculation process. All the pro-
posed approaches are validated through extensive simulations and comparison with the existing
designs in the literature while the NMPC position controllers are also experimentally tested over
the Crazyflie quadcopter platform.

Furthermore, a reliable hierarchical control scheme is designed for the case of a quadcotper under
a unique stuck rotor fault. We extend our work in [Nguyen et al., 2017b] by developing an under-
fault functioning mode for the aforementioned NMPC attitude controller and the corresponding
fault diagnosis module which allows to analyze the faulty quadcopter system in a similar fashion
to the nominal case, hence, still guaranteeing the tracking capability. The proposed FTC (Fault
Tolerant Control) scheme shows its effectiveness through various simulations.

Finally, this thesis can be placed in a line of research which includes the (relatively recent) re-
sults in [Formentin and Lovera, 2011,Freddi et al., 2011,Prodan et al., 2013, Hehn and D’Andrea,
2015, Engelhardt et al., 2016, Zanelli et al., 2018]. With respect to their results, we significantly
improve the control methods despite the fact that they can share similar tools. More precisely,
the FL controller (i.e., obtained via flatness as aforementioned) is also applied in [Formentin
and Lovera, 2011, Freddi et al., 2011] but these works have some major drawbacks: no input
constraints are employed and furthermore, the authors do not notice the unstable mode which
is discovered in [Nguyen et al., 2018b]. Therefore, under realistic applications with essential
actuator limits, their designs will obviously lose the feedback linearization properties and prob-
ably fail into instability. Furthermore, [Engelhardt et al., 2016, Zanelli et al., 2018] also designs
NMPC controllers for the multicopter system but these works do not treat thoroughly the sta-
bility issues. Unlike those, we propose three different original approaches to stabilize the NMPC
designs for the multicopter which are validated in simulation and experiment.

In the sequel, we provide both the list of publications accepted /submitted to various conferences
and journals, and the presentations given by the candidate at various scientific days or within
various mobility projects of the co-supervisor.

Journal articles:
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1.4 Organization of the manuscript

This thesis is organized into five chapters excluding this introduction:

Chapter 2 presents the global view of the multicopter control problem. It details the dynamical
model, the off-line trajectory generation process and the general ideas on hierarchical control
design of the system. For illustration, we also introduce two control design candidates, i.e., the
feedback linearization control via flatness for the position controller at the high level and the
computed-torque attitude controller at the low level with their advantages/disadvantages. Then,
the trajectory generation results are shown for an indoor trajectory generation application and a
building inspection scenario. The indoor trajectory is then employed for conducting simulation
and experimental tests of the tracking control designs.

Chapter 3 addresses the use of a computed-torque control law within an NMPC framework
for a particular class of systems, the “computed-torque like” systems. We firstly recapitulate
the existing principles of designing NMPC with terminal stabilizing constraints and apply them
to the computed-torque controller. We propose an ellipsoid input constraint admissible set ob-
tained by using Taylor’s approximation theory and a condition on choosing the control gain
such that the set also becomes positive invariant. The bound of the computed-torque controller
within the set is constructed in terms of the state. All the aforementioned elements are gathered
to guarantee the stability of an NMPC design using the admissible invariant set as its terminal
constraint set. Next, we apply the method to design an NMPC attitude controller for stabilizing
the rotation dynamics of the multicopter system. Several elements are modified to adapt to the
fast changes of the desired angle. The proposed method is validated through simulations and
comparison with the quasi-infinite horizon NMPC design.

Chapter 4 proposes three different NMPC designs for the position controller. The first design
makes use of a terminal invariant set under the feedback linearization controller obtained via
flatness (provided in Chapter 2). We show that the set can be extended to cover an arbitrarily
defined compact set containing all the feasible initial states, and by this, the design achieves its
semi-global stability property. The second NMPC design has its terminal constraint set given
as a relaxed invariant set under the aforementioned feedback linearization controller. The set is
obtained in a simple formulation - linear box-type constraints, hence, reducing the complexity
as well as the computation time while still guaranteeing the stability. The final NMPC scheme
does not use terminal stabilizing constraints but only requires an appropriate prediction horizon
length. We demonstrate that using the feedback linearization controller reduces the required
prediction horizon length in comparison with using a standard linear controller. The contribu-
tions are validated through proofs of concepts, various examples and extensive simulations. The
controllers are also experimentally tested over a real nano-quadcopter platform.

Chapter 5 addresses a FTC (Fault Tolerant Control) design for a quadcopter system under
stuck rotor fault. The reconfiguration part consists of the NMPC attitude controller introduced
in Chapter 3 and the speed calculator which provides the rotor speeds references to the rotors.
A fault diagnosis module is also proposed to identify the faulty rotor and estimate the stuck
speed. Simulation results show the effectiveness of the whole scheme.

Chapter 6 concludes the thesis and discusses future directions.

The foregoing outline is illustrated in Figure 1.4.1 where the arrows show the dependencies
between chapters.
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Chapter 2

Flat trajectory design and tracking
with saturation guarantees

Let us recall the whole control process for a multicopter system given in Figure 1.1.1 in which,
a two-step control approach is employed: off-line trajectory generation and online tracking de-
sign, as similar to various existing works in the literature [Mellinger and Kumar, 2011, Roza
and Maggiore, 2012, Prodan et al., 2013, Zhao and Go, 2014]. The reference trajectory has to
take into account nonlinear dynamics with various operating constraints of the system. Con-
strained trajectory generation problems for aerial vehicles are intensively studied in the liter-
ature [Chamseddine et al., 2012, Prodan et al., 2013, Stoican et al., 2017] which recommends
a feasible and appropriate solution, i.e, employing differential flatness [Fliess et al., 1995] for
formulating the optimal trajectory generation problems taking into account the system con-
straints as considered in [Mellinger and Kumar, 2011, Hehn and D’Andrea, 2011, Prodan et al.,
2013, Hehn and D’Andrea, 2015, Nguyen et al., 2018b]. The flat output characterizations allow
us to mathematically formulate a reference path that tracks specific objectives (i.e., passing
through a priori given way-points, consumption minimization, state/input constraints satis-
faction) [Stoican et al., 2017, Stoican et al., 2015, Prodan et al., 2013]. The next step is to
parametrize the flat outputs by employing a specific parametrization [Cowling et al., 2007, Bipin
et al., 2014, Mueller and D’Andrea, 2013, Engelhardt et al., 2016, Lu et al., 2017], e.g., user-
defined piecewise functions [Mellinger and Kumar, 2011}, Laguerre polynomials [Cowling et al.,
2007], B-splines functions [Lu et al., 2017]. Then, the optimization problems are solved by us-
ing various existing solvers (with the caveat that the problem is often nonlinear and nonconvex
and, thus, requires specialized tools). In this thesis, we limit ourselves to the off-line trajectory
generation problem of the multicopter system. When solving an off-line trajectory generation
(almost) all system’s state and input constraints are taken into account since the restrictions on
the computation time are usually less demanding [Cowling et al., 2007], hence, allowing us to
fully exploit the capability of the system.

Next, for the online tracking mechanism, within the two layers of the hierarchical control scheme
chosen by the aforementioned reasons, there are various existing control designs such as classical
PID control [Rivera and Sawodny, 2010], LQR (Linear-quadratic regulator) control [Kuantama
et al., 2018], adaptive control [Ha et al., 2014], feedback linearization-based control [Formentin
and Lovera, 2011, Nguyen et al., 2017b] and optimization-based control [Mueller and D’Andrea,
2013, Nguyen et al., 2017a, Zanelli et al., 2018, Nguyen et al., 2019b]. Beside the natural ca-
pability of fulfilling the system constraints of the optimization-based control strategy [Mayne
et al., 2000], most of the other approaches do not consider constraint validation, not even sat-
uration input constraints (e.g., [Rivera and Sawodny, 2010, Formentin and Lovera, 2011, Freddi
et al., 2011]). This is apologized by the complexity of the control designs taking into account
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constraints but bounding the inputs changes the system’s expected response and probably leads
to undesired consequences (see, e.g., the anti-windup issue [Wu and Lu, 2004]). We would like
to emphasize the work done in [Cao and Lynch, 2016] where the authors design a feedback
control scheme which provides bounded thrust, roll and pitch angles based on the body frame
(BF) consideration. However, it requires a convoluted transformation of the reference from the
inertial frame (IF) to the BF since the reference trajectory is usually designed based on the IF,
e.g. passing through way-points which are determined w.r.t. the IF. Moreover, when considering
the IF representation of the system, [Cao and Lynch, 2016] also state that it is impossible to
impose bounds on these two angles separately due to the existence of the yaw angle in the roll
and pitch angles. Thus, the work raises the following question:

Is it really impossible to design a non-optimization-based control taking into account
the input constraints from the more simpler viewpoint - the IF frame ?

The answer for this question is given in this chapter through an original feedback linearization
control design published in [Nguyen et al., 2018b] which employs the differential flatness repre-
sentation of the multicopter system to derive the control law with saturation guarantees. By
exploiting the robustness properties of the flatness representation of the system, the input con-
straints are ensured even under change of the predefined direction (yaw) angle. More precisely,
the contributions of this chapter are:

i) propose several reliable constraint formulations which is robust under change of the pre-
defined yaw angle value [Nguyen et al., 2018a]. The formulations are constructed based
on the differential flatness representation of the multicopter system and are employed for
both trajectory generation and tracking control design processes.

ii) formulate the constrained trajectory generation problem with the cost minimizing the path
length. The approach is validated through two applications on standard way-point passing
scenario [Nguyen et al., 2018b] and building inspection problem [Stoican et al., 2019].

iii) propose a feedback linearization position controller (at high control level) facilitated by
nested control design which provides bounded inputs (thrust, roll and pitch angles) [Nguyen
et al., 2018b].

iv) propose a modification on the original nested control design [Teel, 1992] which allows the
system to have larger saturation limits. The limits now vary accordingly to the a priori
given references, thus, are able to exploit more capability of the system than the standard
fixed limits [Nguyen et al., 2018b].

v) propose a condition for choosing the angle bounds employed in the control design based on
the a priori given trajectory and a condition for ensuring the existence of all the related pa-
rameters consisting of the reference trajectory, the control design and the input saturation
limits. Thus, we create an unified design scheme for trajectory generation and tracking
with bounded thrust and bounded angles while respecting the physical constraints of the
system [Nguyen et al., 2018b].

vi) validate the control method through simulation and experimental testing over the nano
quadcopter Crazyflie 2.0 platform [Giernacki et al., 2017].

The chapter is organized as follows. Section 2.1 recapitulates the dynamical model of a
standard multicopter system. Next, the differential flatness representation and the trajectory
generation problem is detailed in Section 2.2. Then, Section 2.3 presents the hierarchical control
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scheme and the control problems within each layer. In Section 2.4, the feedback linearization
control candidate for the high control level is presented. Section 2.5 shows the validation of the
proposed approaches under simulation and experiment by using a real nano-quadcopter platform.

2.1 Dynamical models of multicopters

This section recapitulates the dynamical models of a standard multicopter system using fixed
pitch propellers (i.e., producing only upward thrust, compared with variable pitch propeller [Cut-
ler et al., 2011]) as given in [Roza and Maggiore, 2014, Formentin and Lovera, 2011, Zhao and
Go, 2014]. The multicopter operates in two coordinate systems: the global frame G fixed to the
ground and the body frame B attached to the vehicle as shown in Figure 2.1.1.

G: global frame
B: body frame

Figure 2.1.1: A multicopter vehicle and its coordinate systems.

It manifests an underactuated, highly coupled and nonlinear dynamical model as illustrated in
Figure 2.1.2. The inputs u 2 [T 7]T consist of the thrust, 7' € R, and three torques gathered
in 7 € R3. The outputs are the three positions along the three z,y, z axis of the global frame
G gathered in &€ 2 [z y 2|7 and the roll, pitch, yaw angles gathered in n = [¢ 0 ¥]" whose
directions are defined by the three blue arrows in Figure 2.1.2.

Thrust T € R,

Translation | Position ¢ € R

Torques T € R3 Rotation | Euleranglesn € R3 dynamics
— .
dynamics

Figure 2.1.2: Coupled dynamical scheme of a standard multicopter system.

Next, to derive the dynamical model of the multicopter system using the Euler-Lagrange ap-
proach, we consider the multicopter model as a rigid body as usually asummed in various refer-
ences [Roza and Maggiore, 2014, Formentin and Lovera, 2011, Hasan and Johansen, 2018].

Rotation dynamics of the multicopter system.:
We firstly address the rotation dynamics of the multicopter system which is influenced by the
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gyroscopic effect [Chaturvedi et al., 2011] and the actuator torques 7T, hence, being given by!:
Jw=—-wx (Jw)+T, (2.1.1)

where w £ [w, w, w,]| € R?® represents the angle rates in frame B and J £ diag{J,, J,, J.} €
R3*3 stands for the inertia tensor of the multicopter system.

Then, the angle rates w affects the rotation motion of the multicopter system via the following
relation:

R = Rsk(w), (2.1.2)

with R € SO(3), the rotation matrix and sk(w) the skew-symmetric matrix of w satisfying
sk(w)p = w x p for any vector p € R3. An usual explicit formulation of sk(w) is as follows
[Chaturvedi et al., 2011, Hehn and D’Andrea, 2015, Do, 2015]:

0 —w, wy
sk(w) = | w, 0 —wgf. (2.1.3)
—Wy Wy 0

Since R™! = RT due to the properties of the group SO(3), (2.1.2) leads to:
sk(w) = R'R. (2.1.4)

As usually found in the works related to aerial applications [Freddi et al., 2011, Formentin and
Lovera, 2011, Nguyen et al., 2017b, Hasan and Johansen, 2018], we employ the roll-pitch-yaw
XYZ rotation sequence to transform the body frame B to the global frame G whose rotation
matrix R is defined as:

cosfcost sin¢sinfcosy — cospsiny  cos ¢sin b cos P + sin ¢ sin Y
R = [cosfsiny singsinfsiny + cos¢pcosty cos@sinfsiny — sin ¢ cosp
—sin6 sin ¢ cos 6 cos ¢ cos 6

: (2.1.5)

with ¢, 0,1 the roll, pitch, yaw angles illustrated in Figure 2.1.1. Then, by introducing (2.1.5)
to (2.1.4), we have that:

_ 0 _ —1) cos ¢ cos ) + Osin ¢ ¢sin¢'cos€.+9'cos¢
sk(w) = Ycospcost — fsing 0 —¢ +1sind . (2.1.6)
—sin ¢ cos @ — 0 cos ¢ ¢ —1sinf 0

This leads to the following formulation of w in (2.1.1) which is equivalent to (2.1.4) but simpler:
w=Wn, (2.1.7)
with 77 £ [$ 0 ¢]T and the matrix W defined as:

1 0 —sind
W =10 cos¢ singcosf]|. (2.1.8)
0 —sing cos¢cost

Translation dynamics of the multicopter system:
Next, the translation dynamics of the multicopter system is affected by the thrust acting along
the B2 axis of frame B (as shown by the red arrow in Figure 2.1.1) and the gravity in the reverse

Hurther details on the rotation motion of a rigid body can be found in [Chaturvedi et al., 2011, Formentin
and Lovera, 2011, Zhao and Go, 2014, Nguyen et al., 2017b]
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@z axis of frame G. Thus, by applying Newton’s second law of motion, the translation dynamics

are given by:
. T
6 = —ges + —Re3, (219)
m

in which T € R, is the magnitude of the thrust, e; £ (00 1]7 denotes the unit vector pointing
along the z axis, g stands for the gravitational acceleration and m is the system mass. Thus,
by combining the rotation and translation subsystems (2.1.1)—(2.1.9), the entire twelve-state,
four-input dynamical model of the multicopter system (c.f. Figure 2.1.2) is given by:

x = f(x, u),

y—oys " (2.1.10)
where the state vector is x = [€ v n W] € R'? with v £ ¢ € R3 the velocity vector, the input
vector is u 2 [T 7]" € R?* and the output vector y € R* consists of the 3D position ¢ and the
yaw angle ¥. The function f(x,u) gathers the appropriate elements taken from (2.1.1)—(2.1.9)
and is given by:
v
—ges + ResT'/m

Ww ’

J M ~wx (Jw)+T)

in which, 77 = Ww is the inversion of (2.1.7) with W = WL,

f(x,u) = (2.1.11)

State and input constraints of the multicopter system:
Furthermore, the state and input constraints of the multicopter system (2.1.10) are given as
follows:

X € Xyo = {X S RIQ‘ <|¢’, |9|> < €max; <|wac|7 |wy|> < wmax}a (2112)

UEMMC: {U €R4‘ |T| STmaxy OSTSTIH&X}7 (2113)

with €pax € (0,7/2) the defined maximum angle value, wp.x € Ry the maximum angle rate,
Tinax > 0 the thrust maximum limit and 7Ty, € Ri gathering the maximum values of the three
torques on the three axes of the multicopter system. Note that, we use in (2.1.12) the notation
(|6],10]) < €max to denote “|¢| < €max and |0] < €nay”’. A similar reasoning is also applied for
(Jwzl s |wy]) < Wimax. Imposing the condition on eyay < m/2 is not only to avoid singularities in
(2.1.8) but also to constrain the multicopter system not to tilt up to the perpendicular orientation
which causes the loss of upward thrust and makes the system unable to resist the gravity.

Remark 2.1.1. First, note that in (2.1.12), no constraints on the positions (z,y, z) and the yaw
angle 1 contribute to the shape of the set Xy since (z,y, z,v) will appear as the decision pa-
rameters in the reference trajectory generation problem. Depending on the control application,
position and yaw angle constraints will be considered, e.g., by passing through way-points or
maintaining a fixed direction.

Second, note that, the roll, pitch angles (¢,6) and the two angle rates (w,,w,) as in (2.1.12)
can be constrained by different limits for each variable. However, it is customary to impose the
constraints as in (2.1.12) due to the symmetry of the multicopter system [Hehn and D’Andrea,
2015, Lu et al., 2017, Prach and Kayacan, 2018]. In any case, different bounds for these param-
eters can be easily imposed at the price of a more convoluted notation which offers no further
qualitative gain.
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Lastly, bear in mind that the considered inputs: the thrust 7" and the torques T as in (2.1.10)
are actually resulted from the rotor configuration corresponding to the real multicopter system
(depending on the number of rotors and their positioning, etc) [Intwala and Parikh, 2015]. Phys-
ically, the rotors speeds have bounds which either translate into additional constraints on the
thrust and torques as in (2.1.13) (i.e., popular configurations are those of quadcopters, hexa-
copters). The quadcopter system case will be presented in Section 5.2.1 where the constraints
on four rotor speeds are transformed into those on the thrust and torques even under the fault
of one rotor. O

In the next section, we present the method for generating off-line a reference trajectory
for the multicopter system (2.1.10) which takes into account the internal dynamics (2.1.1)-
(2.1.9), the system constraints (2.1.12)-(2.1.13) and additional user-defined constraints such as
passing through some way-points. Furthermore, the chosen method allows to generate an optimal
trajectory which minimizes certain objectives such as curve length or acceleration.

2.2 Off-line constrained trajectory generation

This section presents an approach for tackling the off-line trajectory generation problem of the
multicopter system. The trajectory has to be feasible which means that it respects the internal
dynamics (2.1.1)-(2.1.9) and the state and input constraints (2.1.12)-(2.1.13). Furthermore, the
trajectory also takes into account various user-defined constraints such as way-points passing
and initial boundary conditions. For solving these problems, in the following, we firstly present
the differential flatness representation [Fliess et al., 1995, Lévine, 2011] of the multicopter sys-
tem. Then, we introduce several robust constraints formulations which are derived from the
mathematical properties of the flatness. Next, the cost and the constraints are recasted in a
B-splines parametrization [Piegl and Tiller, 1995] in order to generate an optimal reference tra-
jectory which minimizes the path length as similarly considered in [Stoican et al., 2015, Stoican
et al., 2017] and satisfies the imposed constraints.

2.2.1 Differential flatness properties of the multicopter system

Among various approaches for optimal trajectory generation for multicopter systems, a popular
solution is the use of flat output characterizations [Fliess et al., 1995]. There is a number of
works like [Chamseddine et al., 2012, Hehn and D’Andrea, 2015, Stoican et al., 2015, Stoican
et al., 2017, Eliker et al., 2018] which employ differential flatness for dealing with the problems
of constrained trajectory generation for aerial vehicles in general and the multicopter system
in particular. Important features of flatness are well-know, as for example, it takes explicitly
into account the internal dynamics of the systems and (with some difficulty) state and input
constraints. The flatness property of the multicopter system is well-known in the literature and
has been employed in various works related to trajectory generation and control design of the
system like [Rivera and Sawodny, 2010, Formentin and Lovera, 2011, Bipin et al., 2014, Nguyen
et al., 2017b, Nguyen et al., 2018b] . Therefore, we briefly recapitulate the results hereinafter.

Definition 2.2.1 ( [Fliess et al., 1995]). Consider the nonlinear system in general form:
(1) = fa(t), u(t)), (2.2.1)

with the state x(t) € R" and input vectors u(t) € R™. The system (2.2.1), satisfying the
controllability property, is differentially flat if there exists a flat output z(t) € R™ (i.e., required
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to have the same dimension with the input w(t)) [Fliess et al., 1995]:
z(t) = Y(a(t), u(t), u(t), ..., u?(t)), (2.2.2)

such that the states and inputs can be algebraically expressed in terms of z(t) and a finite number
of its higher-order derivatives:

x(t) = To(a(t),2(t), -, 29(1), (2.2.3a)

u<t) = Tu(z(t)> Z(t)a U az(qul)(t))- (223b)

In Definition 2.2.1, the derivatives are taken in terms of the time ¢, hence, denoted by &(t)
for the state x(t) as in (2.2.1). However, throughout most of the thesis, the time notation (t)

will be discarded whenever the meaning is straightforward from the context.

Proposition 2.2.2. The multicopter system x = f(x,u) defined by (2.1.10) is differentially flat
with the associated flat output taken as the output of the system, i.e., y = [z y 2z ¥]" from
(2.1.10).

Proof. By using the output y as the flat output, the first condition (2.2.2) follows immediately
from the definition of the flat output (2.2.4) while the second condition (2.2.3) is verified con-
structively. Let denote the flat output z as follows:

z=|vyz 1/1}T (2.2.4)

Let us consider the states x = [£ v n w]" defined in (2.1.10). Beside the clear expression of the
position £ and the yaw angle v in terms of the flat output z, it is also trivial to have the velocity
v = € expressed in terms of z. Next, by considering the translation dynamics (2.1.9), the roll,
pitch angles are given by:

b = Ty(€, 1) £ arcsin (&, sin ) — ,, cos ) , (2.2.5)
0 = Yo(E, 1) £ arctan (0, cos ) + O, sin 1) , (2.2.6)
in which, ®,, ®,,0,,0, are defined as:

P

P, = , 2.2.7a
Vi + 32+ (2 + g)? ( )
y
I , 2.2.7b
VP P+ E+g)? (2:2:70)
0, = i , (2.2.7¢)
ity
o, =Y (2.2.7d)
V=g 2.

with ¢ the gravitational acceleration from (2.1.9). Next, from (2.1.7), the angular velocity vector
w is expressed as a function of the angle vector n and its derivative 7, i.e., w = Wn. Thus, by
introducing (2.2.5)-(2.2.6), the angular velocities w £ [w, w, w,]" are expressed as the function
of z and its derivatives up to the third-order as follows:

e = T (€., ) & TSN = Dy (2.28)

cos ¢

Wy = Twy(é, (3 1Y) = cos ¢ cos® 0 <@x cos + Qy sin w) , (2.2.9)

cosf -

w, =T (€, € 0,10) 2 —sinpcos® 0 <@x cos ) + O, sin w> + COS¢¢, (2.2.10)
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—2 is a function of the translation acceleration & and the

dt

jerk f Similar expressions are obtained for <i>y, 0, and @y.

The next objective is to find the flatness-based representation of the input vector u = [T 7],
From the translation dynamics (2.1.9), we have that ||+ ges|| = ||Res||T/m. By using ||Res|| = 1,
the thrust 7" is obtained as a function of the translation acceleration & as follows:

in which, we emphasize that &, £

T ="Yr(&) = my/32+ 2 + (2 + )% (2.2.11)

Finally, the input torques T is calculated by using the rotation dynamics (2.1.1):
T="T7( &Y 9, ¢,¢) = Jo+w x (Jw), (2.2.12)

with w from (2.2.8)-(2.2.10), hence, allowing to further interpret the torque 7 in the flat output
space. Note that, the full expression of the torque 7 requires up to the fourth-order derivative
of the flat output z. This also completes the proof. m

Remark 2.2.3. In [Bipin et al., 2014, Rivera and Sawodny, 2010, Formentin and Lovera, 2011], a
simplified version of flat representation is usually employed with the assumption that the yaw
angle v equals zero. We do not follow these assumptions since we want to exploit all the degrees of
freedom, thus fully taking into account the nonlinear system dynamics including the yaw motion.
Furthermore, in some of our published works [Nguyen et al., 2017b, Nguyen et al., 2018a, Nguyen
et al., 2018b], a different flat output z as in (2.2.4) is employed, i.e., z = [x Yz arctan(w/Q)]T.
This flat output eliminates the trigonometric term of ¢ as appearing in (2.2.5)—(2.2.6), hence,
providing less convoluted flatness representations for the multicopter system (especially for the
torques T as implicitly given in (2.2.12)). E.g.:

. 224721 — (1 — 23)%
¢ = arcsin — = - ( - )% = | (2.2.13)
(L+20)v/at + 25 + (23 + 9)

with [21 29 23 24} = [x Yz arctan(w/Q)}. However, no trigonometric terms appear in (2.2.13),
hence, hiding some trigonometric properties such as sin®1 + cos?ty) = 1 (can still be obtained
from (2.2.13) but not straightforwardly), which will be of use for us to construct several reliable
constraints formulations in the next section. [

2.2.2 Reliable constraints formulation

When solving the trajectory generation problem of a multicopter system, many approximations
(e.g., small or even null roll, pitch angles [Chamseddine et al., 2012, Gandolfo et al., 2016]) are
employed in the literature for simplifying the system dynamics (2.1.1)-(2.1.9). Furthermore,
various states and inputs constraints of the aerial systems are usually imposed based on a
predefined yaw angle trajectory, e.g., zero angle as illustrated in Figure 2.2.1 [Cowling et al.,
2007, Mueller and D’Andrea, 2013, Lu et al., 2017] or a spline with specific degree [Engelhardt
et al., 2016]. Therefore, any change in the yaw angle trajectory (for example, intentionally
modified vehicle direction pointing towards the target for camera applications [Engelhardt et al.,
2016] or changes in the direction due to faulty events [Nguyen et al., 2017b]), will obviously affect
the validation of the above mentioned constraints. These problems raise our interest in designing
several reliable angular constraints formulations which bound the roll, pitch angles (¢, € as in
(2.2.5)-(2.2.6)) and the angular velocities (w,,w,) as in (2.2.8)-(2.2.9)) without requiring any
information of the yaw angle. Thus, we can decouple the trajectory generation problem of the
multicopter system into two separate parts:
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Trajectory constraints:

- Way-points
- Input constraints

Figure 2.2.1: Illustration of reference trajectory generation under assumption of 1) = 0.

i) position reference trajectory providing the reference &, of the position £ in (2.1.9).
ii) yaw reference trajectory 1.

Especially, the position reference trajectory &, will still satisfy the predefined constraints on the
angles and the angular velocities even under any modification on the yaw trajectory due to faulty
events or intentional modification of the vehicle direction such as pointing towards the target
for camera application.

2.2.2.1 Constraints on roll, pitch angles ¢, ¢

Proposition 2.2.4 ( [Nguyen et al., 2018a]). The roll and pitch angles (i.e., ¢ = (€, 10) and
0 ="Ty(&, %) from (2.2.5)-(2.2.6)) are bounded by the angle boundary € € [0, %) as follows:

(o], 10]) <e Vo €R, (2.2.14)

where the angle boundary e € [0,7) is defined as:

o | —_——
e 2 T(£) = arcsin (\/ﬂ . ;2 . (yz . g)2> . (2.2.15)

Proof. At first, let us consider the angle boundary ¢ € [0, 7) defined in (2.2.15), after some
trigonometric manipulations, we have that:

-
sine = \/ Ay (2.2.16)

P42+ (2+g)?

P2+ 2
(2+9)%

tane = (2.2.17)

Furthermore, by applying the Cauchy-Schwarz inequality [Bhatia and Davis, 1995] to the flatness-
based formulations of the roll, pitch angles from (2.2.5)-(2.2.6), we can bound the two angles as
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follows:
: . &2+ 2
|sin ¢| < \/(sln2 P 4 cos? ) (P2 + B2) = \/:,U,2 R (2.2.18)
. 2 4 2
| tan 6] < \/(51n2 Y+ cos? ) (02 4+ 02) = EEER (2.2.19)

Then, introducing (2.2.16)-(2.2.17) to (2.2.18)-(2.2.19), we have that: sin(|¢|) < sin(e) and
tan (|0]) < tan(e). These further provide |¢p| < € and |f| < € due to the monotonic property of
the sin(-) and tan(-) functions in the range of (=7, 7) in which the angles ¢ and 0 are constrained
to stay as detailed in (2.1.12). O

2.2.2.2 Constraints on angular velocities w,, w,

Proposition 2.2.5 ( [Hehn and D’Andrea, 2015]). The angular velocities w, = Ty, (€, €.,1)
from (2.2.8) and w, = T, (&, &,7) from (2.2.9) are bounded by the angle rate boundary w, € Ry
as follows:

(Jwe|, lwyl) < wp, VY €R, (2.2.20)
where the angle rate boundary wy, € Ry is defined as:
.-.2 "‘2 .-.2
v eee + y _|,_ z
sy S — , 2221

Proof. Hereinafter, the proof is briefly presented by using our defined notations while more
details can be found in [Hehn and D’Andrea, 2015].

Recall the translation dynamics given in (2.1.9). By introducing the flatness-based representation
of the thrust 7" from (2.2.11) to (2.1.9), we have that:

® = Res, (2.2.22)
in which, ® £ [®, &, ®.]" with ®,, ®, given in (2.2.7) and @, defined as follows:
Z+yg

d, = .
VI + (24 g)?

(2.2.23)

Next, by introducing R = Rsk(w) from (2.1.2) to the derivative of (2.2.22), we obtain that:
® = Rsk(w)es. (2.2.24)
This allows to further express the angular velocities w, and w, as:

wy ]
—w,| =RT®, (2.2.25)
0

with RT = R™! as R € SO(3). Then, the following holds:

(Waywy) <4 /w2 4+ w2 < D] < w, (2.2.26)

with w, from (2.2.21). The final inequality, i.e., |®|| < w, is due to the unit norm property of
D, ie, [|® = /P2 + &2 + &2 = 1 with O,, D, from (2.2.7), @, from (2.2.23) and is presented
explicitly in [Hehn and D’Andrea, 2015]. This also completes the proof. O
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Remark 2.2.6. The formulation of (w,,w,) as in (2.2.25) can be transformed into the flatness rep-
resentations of w, = T, (£, £,1) and w, = o, (€, €,4) given in (2.2.8)-(2.2.9) by introducing
the angles ¢ = Ty(£, 1) and 6 = Yy(£, ) from (2.2.5)-(2.2.6) to the rotation matrix R given in
(2.1.5). The flatness representations Yy, (£, £, 1), T w, (€, €,4) from (2.2.8)-(2.2.9) clearly show

the dependence of w,,w, on 5 , 5, 1, hence, being compatible with formulating the trajectory
generation problem. Also, note that the formulation (2.2.25) benefits from the rotation matrix
R € SO(3) and hence, we can easily provide the bound wy as in (2.2.21). O

2.2.3 B-spline parametrization for the reference trajectory

This section introduces the parametrization of the reference trajectory &,(t) = [z.(t) y(t) 2.(1)]"
using B-spline basis functions [Piegl and Tiller, 1995]. B-splines curves are well-suited to flatness
parametrization due to their ease of enforcing continuity and because their degree depends only
up to which derivative is needed to ensure continuity (i.e., 4 for the considered multicopter
system given in (2.1.10)) [Nguyen et al., 2018b, Stoican et al., 2017, Prodan et al., 2013, Stoican
et al., 2015].

The B-spline parametrization of &,.(¢) is defined using two basic elements:

i) the degree d € N (d > 4 for guaranteeing the continuity of the input torque 7 from
(2.2.12)).

ii) the control points in 3D space R3.

Let us construct the matrix P € R3*(™+1) consisting of n + 1 control points py, . . ., p, as follows:

P = [po.p1,- . pPn] - (2.2.27)

Then, a B-spline reference trajectory &, () is defined as a linear combination of the control points
and the same number of B-spline basis functions:

sz 1d PBd( ) (2228)

where B,(t) = [Bo7d(t) ) ..Bmd(t)]T gathers the B-spline basis functions B;4(t) defined by a
recursive formula as follows:

1, fort; <t<t;
B (t)=4 0 =S (2.2.29a)
’ 0, otherwise

Bia(t) = =B g 1(t) + = Bi114.1(t), (2.2.29b)
tiva—1 — i tivd — tit1

ford > 1 and i € {0,1,...,n}. The time instants ¢,, with m € {0,...,n + d} are chosen as

follows:
to, for m €{0,...,d — 1},

t = < to+ (tf — i;) (m —d), forme{d,...,n}, (2.2.30)
n

ty, forme{n+1,...,n+d},

in which, the first and the last d + 1 points equal to the initial and final time instants ¢,
and tg, respectively while the intermediary points {4, .. .,#, are equally distributed along these
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extremes. In literature, this approach is usually referred as “fixed knot-vector” while there also
exist different partition types of {f, ..., %, 4} as in (2.2.30) (e.g., uniform, open uniform, non-
uniform) with the only requirement is on having #; < #;,1 [Piegl and Tiller, 1995]. The B-spline
curve as in (2.2.28) yields various interesting properties which are enumerated in [Suryawan,
2011, Stoican et al., 2015, Nguyen et al., 2018b]. Some of them are related to the forthcoming
results, and hence, are given in detail:

1. Endpoint interpolation: the first control point coincides with the initial point and the last
control point coincides with the last point. E.g.:

po =&(to),  pn = E(ty). (2.2.31)

2. The B-spline curve lies in the convex hull generated by the control points gathered in P;

3. The ‘q’ order derivatives of B-spline basis function can be expressed as linear combination
of B-spline basis functions as:

B (t) = Kyq_qBa(t), (2.2.32)

with matrix K;4_, of appropriate dimensions and content given in [Suryawan, 2011, page

55.

2.2.4 State and input constraints parametrization

The reference trajectory has to satisfy the boundary conditions consisting of the initial and final
values of the position ¢ and up to its fourth-order derivative €@, i.e., {fo,fo, e ,584)} for the
initial state and {¢ f,f [ ,51((4)} for the final state. By employing the two properties of the
B-splines curve detailed in (2.2.31) and (2.2.32), the boundary constraints are constructed as:

po="E, PKya Balt =1t) =", Yge{1,...,4}, (2.2.33)
po=E& PKua Balt=t;) =€ Vge{1,....4}. (2.2.34)

Note that, By(t = to) = [1,0,...,0] " and Bu(t = t;) = [0,...,0,1] .
Moreover, during the flight, the vehicle has to pass through N way-points? wj, at the time
instances t; associated to them (with k& € {1,... N}), i.e.

PBy(t,) = wy,, Vk € {1,...,N}. (2.2.35)

Note that, the N way-points wj, are not included the initial and final positions &, &y from
(2.2.33)—(2.2.34) in order not to conflict with these boundary conditions. The equation (2.2.35)
can be relaxed to an inequality describing the region where the trajectory has to pass through
(e.g. pass near the way-point within the region). We provide the equality form in (2.2.35) since
it is conceptually simpler.

Next, since the multicopter system is subject to the state constraint set X' from (2.1.12), the
reference trajectory (including both the position and yaw trajectories) also has to limit the
reference roll and pitch angles accordingly:

(16e],10:]) < €rppns (2.2.36)

2Note that, considering way-points at the trajectory generation level is coherent with typical software-hardware
UAV configurations which use way-points in the communication protocol.
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with the desired maximum value €, € (0, €pax] and with €, the constrained maximum angle
value employed in the set X' from (2.1.12). Note that, the reference angles are calculated by
using the flatness-based representations of the angles, i.e., ¢, = T(b(ér,@br) and 0, = Yo(&, ¥y)
from (2.2.5)-(2.2.6).

Moreover, since we do not want the multicopter system to have an aggressive altitude variation
and the thrust has to respect its constraint 0 < 7' < Tpax from (2.1.13), the thrust reference,

T,, is also limited by its lower bound, 0 < 7). . < mg and upper bound, mg < T, .. < Thax,
given as follows:
Trmin S T”” S T”"max? (2237)

Note that, the value mg with m the system mass and g the gravity from (2.1.9) has to lie within
the range [T, ., T, . | for guaranteeing the hovering capability of the multicopter system.

Then, the reference trajectory also takes into account the constraints on the reference angular
velocities from (2.1.12):

(lws, |, [wy, ) < Wrpaes (2.2.38)

with wy.,., € Ry the desired maximum angle rate satisfying w., .. < Wnax With Wpay from (2.1.12).
The reference angular velocities are calculated as w,, = Y, (é}, £, ) andw, =T, (ér, €, Ur)
with Yo, (), Yo, (+) from (2.2.8)-(2.2.9).

Then, we introduce the constraints formulations which rely only on the position reference &,
from (2.2.28). The formulations do not require any information on the undefined reference yaw
Y, but still can guarantee the angular constraints (2.2.36)-(2.2.38).

Proposition 2.2.7. If the position reference trajectory &, has its acceleration {rr and jerk fr
satisfying the followings:

(i) [:c,% + 4 (G + g)ﬂT lies inside a polytope P defined as a conver sum of its vertices:

Y+ G s
|:(ér +g)? € P = Conv(V), (2.2.39)
N (TR, TA. o,
V — O, min , min sin” e, 7 min coS 67‘7 :
m2 m2 maz m2 nax
< Tnlzrﬂ sin2 ermam Tmzaz 0052 Ermax) , (O, LQM) , (2'2'40)
m m m

then, the constraints on roll and pitch angles {|o.|,10,|) < €. in (2.2.36), the constraint
on thrust T, .~ <T,<T, in (2.2.37) hold regardless of the reference yaw angle 1,.

maz

(i) the acceleration & and the jerk €, satisfies Yo, (€, €) < wy,.. with Yo, (-) from (2.2.21),
.e.:
1€l
VE+Z+ G +9)?

then, the constraint on angular velocities (|ws, |, |wy,|) < Wr,... from (2.2.38) are satisfied
regardless of the reference yaw angle . O

(2.2.41)

Tmaz?

Proof. For point (i), from Proposition 2.2.4, we have that:

(160],16:1) < Te(&),Ver € R. (2.2.42)
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with Tc(-) from (2.2.15). Thus, instead of directly constraining ¢, = Ty, 1) and 6, =

Yo (&, ) from (2.2.5)-(2.2.6), we impose a constraint on the angle boundary T({.) < €.,

Next, the constraint on thrust in (2.2.37) is re-formulated as 7, . < Yr (&) < 7). with Tr(+)
from (2.2.11). These provides the following system of inequalities:
1 —tan®(e,,.. ) 0
1 T.ml“
1 1 [(% N 9)2] <— |7 (2.2.43)
-1 0 SO o
0 —1 0

which is equivalently transformed into (2.2.40) using Fourier-Motzkin algorithm [Ziegler, 2012].
Next, from Proposition 2.2.5, the following holds:

oy, ) < Yo (6, E,), Vb €R. (2.2.44)

<|w$7'

Therefore, by constraining Yo, (&, €,) < wy,... as in point (i) (2.2.41), (Jw,, |, Wy, [) < W ar€
satisfied for any reference yaw angle .. Thus, completing the proof. m

Remark 2.2.8. At point (ii) of Proposition 2.2.7, the constraint T, (£, €) < w,,. as in (2.2.41)
can be replaced by a simpler formulation:

(2.2.45)

Tmax )

T.
€0 < o

with T, . satisfying T, < T, = m\/#2 + %+ (£ + g)? from (2.2.37). The proof is straight-
forward to obtain by introducing T}, < m/@2 + 2 + (£ + g)? to (2.2.45). This replacement
is also employed in the literature [Hehn and D’Andrea, 2011, Hehn and D’Andrea, 2015] but it
is a trade-off between the simplicity and the conservativeness of the resulted reference angular
velocities (wy,,wy, ). O

Example 2.2.9. Let us illustrate point (i) of Proposition 2.2.7 by using a multicopter system
described in (2.1.9) with the parameters m = 0.5kg, T, . = 3N, T, = 5N ande,, = 7/6.

Then, the polytope P given in (2.2.40) and its vertices V = {vy,...,v4} are depicted in Figure

mazr

2.2.5 Constrained trajectory generation with minimal length

In our work, we choose to minimize the length of the geometric trajectory since it appears to be
realistic for various aerial applications [Prodan et al., 2013, Stoican et al., 2017, Nguyen et al.,
2018b] . Note that any trajectory computed offline is only “preliminary” as it cannot account for
run-time disturbance factors (wind gusts for example) and in this regard, the shortest trajectory
cost is usually considered. Therefore, we will generate first the optimal-length position reference
trajectory &, (t) along the time interval [t,?;] which is also subject to various states and input
constraints (2.2.33)-(2.2.38). It results in an optimization problem with a quadratic cost function
in terms of the control points P from (2.2.27) defined as:

ty ty
B . o B , T
P = argmin /to & ()& (t)dt = arg nin /to (PKgq-1Ba(t)) (PKga-1Ba(t)) dt, (2.2.46)

s.t. constraints (2.2.33), (2.2.34), (2.2.35), (2.2.40) and (2.2.41) are verified,
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Figure 2.2.2: Illustration of the polyhedral set P and its vertices as in (2.2.40).

For solving the optimization problem (2.2.46), the constraints (2.2.33), (2.2.34), (2.2.35), (2.2.40)
and (2.2.41) can be enforced at discrete moments [Stoican et al., 2015, Eliker et al., 2018] or
even be guaranteed continuously [Stoican et al., 2017] along the time interval [to,t;]. The first
method is straightforward to implement but it does not guarantee the constraints fulfillment
“in-between” the discrete moments. In case of constraints violation, increasing the sampling
points can alleviate the problem. The inevitable drawback of high computation time, can be
accepted since the trajectory generation is done offline before flight. The second method employs
particular geometrical properties of the B-spline functions given in Section 2.2.3 in order to
obtain a continuous constraints validation with fixed complexity (the number of constraints
depends on the B-spline degree and on the number of control points but not on the number of
waypoints) [Stoican et al., 2017].

Remark 2.2.10. Solving the nonlinear optimization problem (2.2.46) may provide a local min-
imum result instead of the expected globally optimal solution (i.e. the shortest curve). The
solution is required to be manually verified after and the parameters (e.g., number of control
points) may be changed until obtaining a good solution. Besides the minimal trajectory length,
(2.2.46) can take into account various optimization objectives like input variation, magnitude,
energy minimization and the like [Eliker et al., 2018]. O

After solving (2.2.46), we obtain the geometric reference trajectory, &.(t) within the interval
[to,t¢], which satisfies all the imposed constraints, i.e. boundary condition (2.2.33)—(2.2.34),
waypoints (2.2.35), bounded angles and thrust (2.2.40) and bounded angular velocities (2.2.41).
In order to complete the trajectory part, we simply consider the zero-constant reference yaw
angle trajectory 1, = 0 (even though the imposed constraints are still validated for an arbitrary
yaw angle trajectory as discussed in Proposition 2.2.7) in order to keep the notations simple.
Similar considerations are also used in various works related to trajectory generation and control
of the multicopter system [Formentin and Lovera, 2011, Chamseddine et al., 2012, Eliker et al.,
2018].

2.2.6 Simulation results for constrained trajectory generation

This section presents two simulation scenarios for the proposed constrained trajectory generation
approach.
The first scenario considers an indoor trajectory generation over a nano-drone platform which
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will be further employed in an experimental setup in Section 2.5.

The second scenario considers an outdoor trajectroy generation over a larger multicopter system,
employed in the inspection of a 3D building. The particularity is that a specific yaw profile is
imposed (such as the mounted camera is oriented towards the building at specific time instances).

2.2.6.1 Generic indoor trajectory generation

In this section, we generate a reference trajectory for the Crazyflie 2.0 quadcopter system (c.f.
Figure 2.1.1), we consider its simulation model given in [Luis and Ny, 2016] characterized by the
following parameters (the parameters employed in the dynamical model from (2.1.10)):

- the physical parameters as in (2.1.1), (2.1.9):

m = 0.028 kg, J, = J, = 1.4 x 107° kgm?, J, = 2.2 x 107° kgm? (2.2.47)

- the state constraints as in (2.1.12):

€max = 10°, Wmax = 2 rad/s; (2.2.48)

- the input constraints as in (2.1.13):

Tinax = 0.55 N, Toax = 1074 x [43 43 17]7 N/m, (2.2.49)

in which, the angle €., is chosen to be small due to the limits of the built-in PID controllers
(c.f. Figure 2.5.2) which are designed based on the approximation of the rotation dynamics
(2.1.1)-(2.1.7) around the hovering condition (i.e., zero roll, pitch angles).

The first step is to choose the upper and lower bounds of the reference thrust 7, . , and
the boundary angle ¢, . satisfying the two consistent conditions (2.4.19)—(2.4.20). Introducing
€max = 10° and Ty = 0.55 from (2.2.48)—(2.2.49) to (2.4.19)—(2.4.20) leads to the feasible values

T,

Tmax

of T, . .T,.. and €, chosen as follows:
T, . =02609N, T,  ~=02884N, ¢, . =5, (2.2.50)

in which, T, . <mg < T, is validated with mg = 0.2747 N.

max

Constraints

Position, & (t) &)= 0 0", &6)=[05 2 1],
&(10)=[15 2 1], 605 =2 0 0]"

Boundary conditions, fﬁq)(O) =[0 0 O]T , Vg e{1,...,4},

D) vg e {1,...,4} Wasy=[0 0 0", vge{1,...,4}

Angles7 ¢7"7 07” <|¢7’| ’ |97'|> S 67"max Wlth Ermax = 50
Angular rates, w,, , w,, (lwa| s |wy, ) < wrpoe with wy . =1 rad/s
Thrust, T, T. <T,<T, withT,  =02609N,T, =02884N

Table 2.2.1: Constraints imposed on the optimal trajectory generation
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Next, the trajectory connects two hovering periods, thus, possess all the derivatives of
{z,y,2} up to 4" order equal 0 at the initial and final time instants, i.e., f((f) = S}Q) =
0,Vq € {1,...,4} as employed in (2.2.33)—(2.2.34). It passes through four waypoints given by

W = { [O 0 O]T, [0.5 2 1}T, [1.5 2 1}T, [2 0 O]T} with the associated time instants

{0,5,10,15} seconds. All of the imposed constraints are gathered in Table 2.2.1.

The B-spline parametrization as in (2.2.28) is characterized by the chosen degree d = 5 and
14 control points (n = 13 from (2.2.27)). The number of the control points is required to be
larger than the number of the hard constraints imposed on the trajectory generation problem:
4 waypoints, 6 boundary conditions. The trajectory generation optimization problem as in
(2.2.46) are implemented using Yalmip [Lofberg, 2004] in Matlab 2015a with a total processing
time of 9.4 seconds which provides the reference trajectory &,.(¢) and the results of the other
variables corresponding to the choice of 9,(t) = 0 given in Figures 2.2.3-2.2.5. Furthermore, we
also provide the references of the roll, pitch angles and angle rates when choosing v,(t) = 45° in
Figure 2.2.6 to illustrate the effectiveness of Proposition 2.2.7. Next, as can be seen from Figure
2.2.3a, the reference trajectory &.(t) is extremely abrupt in the sense that the curve looks like
three straight paths passing through four way-points but the values over time given in Figure
2.2.3 are still smooth. The references satisfy all the boundary conditions as clearly seen from
the first and the last four control points having the same values for each curve (plotted in red
for x(t), green for y(t) and blue for z(¢)). Furthermore, the thrust as plotted in Figure 2.2.4 and
the angles given in Figure 2.2.5a, all validate their constraints (2.2.36)—(2.2.37) thanks to the
constraint formulation (2.2.40). The flatness properties of (¢,,0,) < T. (&) from Proposition
2.2.4 and (W, ,w,, ) < Yo, (€, €) from Proposition 2.2.5 are illustrated in Figures 2.2.5 for the
choice of 9,(t) = 0° and in Figure 2.2.6 when choosing 1, (f) = 45° in which the boundary
functions Y.(-) and Y,,(-) (solid blue lines) provide the good bounds for the corresponding
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Figure 2.2.5: References of angles and angle rates when fixing ,.(t) = 0°.

reference variables (the angles ¢,,6, and the angle rates w,,,w,, plotted in red, green solid
lines in the two figures). Note that, the maximum value of the angle rates wy.x = 2 rad/s
as in (2.2.48) is clearly respected, hence, not given in Figure 2.2.5b since it is too large to
appear in the plot. From Figures 2.2.5-2.2.6, it has been shown clearly that the references of
the angular variables are varied according to the choice of the yaw angle reference, however,
they still respect their boundary functions, i.e., (¢,,0,) < Tc(&,) and (w,,,w,.) < Ty, (€, €) as
given in Propositions 2.2.4-2.2.5. The reference trajectory given in Figure 2.2.3 and the zero
yaw reference 1,.(t) = 0 are used for conducting the tracking experiment over a real Crazyflie
2.0 nano drone as will being introduced in Section 2.5. In the following, we present another
application of the proposed approach on the building inspection problem [Stoican et al., 2019].

2.2.6.2 Outdoor trajectory generation for building inspection

In [Stoican et al., 2019], we employ the proposed approach to generate a reference trajectory
which fully covers an a priori known 3D structure. The authors make use of hyperplane ar-
rangement, cell merging procedures and mixed-integer formulations [Prodan et al., 2015] to
provide feasible cells through which the trajectory has to pass (see also the details presented
at (2.2.35)). Then, the minimum-length trajectory generation algorithm (2.2.46) provides the
viewpoints (considered as way-points in the context of this chapter) which allows to generate
the shortest trajectory fully inspecting the 3D structure. The readers are referred to [Stoican
et al., 2019] for more details on the theoretical contributions, hereinafter we present only the
simulation results related to the constrained trajectory generation. For inspecting the building
of 100m x 60m x 60m (length x width x height), the multicopter platform and the reference
trajectory are constrained by the following parameters:

- m=0.5 kg as in (2.1.9);
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Figure 2.2.6: References of angles and angle rates when fixing ,.(t) = 45°.

- (|or], 10-]) < 15° as in (2.2.36), (|wa, |, lwy, ) < 0.27 rad/s as in (2.2.38);
“ 48N <T,<5N asin (2.2.37).
- 6 way-points:

&(0) = [102.5 123 53], &(50) = [120 75 73],

( [60 75 73], ( [60.74 151.6 53.33]",  (2.2.51)

£,(100) = £(200) =
£.(250) = [102.5 175 53.33]",  £(300) = [102.5 130 53.33] .

Y, (t) varying accordingly to the movement of the multicopter in order to point the camera
(fixed to the vehicle) to the predefined targets.

Note that, the platform does not require any constraints on the torques as in (2.1.13). Therefore,
we neglect the rotation dynamics (2.1.1) but still consider the rotation kinematics given in
(2.1.7). The results are given in Figures 2.2.7-2.2.9 with the calculation time of 20.4 seconds.
In Figure 2.2.7a, the reference trajectory is plotted in solid red line with respect to the building
given as green polytopic blocks. It passes through the predefined way-points (red circle marks)
while trying to keep the connecting paths as short as possible. The yaw angle 1), varies over
time as plotted in Figure 2.2.7b, therefore, any trajectory generation approaches employing the
simplification of v, (t) = 0 cannot be used under this scenario. Furthermore, as the benefit from
the reliable constraints formulations (c.f. Proposition 2.2.7), the references of the roll, pitch
angles (¢,(t),0,(t)) (given in Figure 2.2.8a), the angle rates (w,, (t),w,, (t)) (given in Figure
2.2.8b) and the thrust 7). (given in Figure 2.2.9) satisfy the imposed constraints regardless the
varying of the yaw angle.
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By this application on the trajectory generation for building inspection, we complete our
contributions on the off-line trajectory generation problem for the multicopter system subject to
state and input constraints. In the next section, the online tracking mechanism will be presented
which makes use of a hierarchical control scheme (and also referred as cascade control design).

2.3 Hierarchical control design

The typical hierarchical control scheme for controlling the multicopter system is presented in
Figure 2.3.1 (similar design can be found in [Formentin and Lovera, 2011,Freddi et al., 2011,Zhao
and Go, 2014, Xu, 2017, Nguyen et al., 2017b, Nguyen et al., 2018b]). We consider the control
problem of tracking the references of the 3D positions and the yaw (direction) angle, denoted
by & € R? and v, € R, respectively. For doing this, the scheme contains two control layers in
which the designs exploit the natural decoupling between the rotation and translation dynamics
of the multicopter system as shown in Figure 2.1.2.

At the high control level, the position controller compares the reference position &, with the
actual position £ in order to provide the desired thrust T,. It further requires the actual yaw
value ¢ for calculating the desired roll, ¢4, pitch, 6,4, angles. Then, they are gathered with the
a priori given reference yaw angle 1, to create the reference angles for the attitude controller
to track at the low control level. Based on the angle errors and the actual angle rate w, the
controller can provide the desired torques 74. Next, the real inputs u acting on the multicopter
system as in (2.1.10) track their desired values ug = [Ty T4]" through a black box which stands
for various uncertainties such as input saturation as in (2.1.13), rotor configuration and faults.
Within the thesis, we consider full-state feedback control for the multicopter system (2.1.10) and
neither delays nor mismatches on the state feedback are considered.

In the following, we detail the control design problems of the two layers and introduce two
feedback linearization control candidates which are usually applied in the literature.

Sy
L., ———

5 L Positi Ty Rotor r
eference position &, ositon > A - " Multi-
> controller b0 configuration R

—— . H
Referenceyawangle ¢,/ Attitude Saturation T | system
| controller Uncertainties
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Figure 2.3.1: Hierarchical control scheme for a multicopter system.

2.3.1 High level control problem

The position controller as shown in Figure 2.3.1 drives the translation dynamics (2.1.9) to track
the reference position &,.. This leads to an over-actuated problem since there are maximum
four inputs, i.e., thrust 7" and three angles ¢, 0,1, which can be employed for controlling the
dynamics (2.1.9) while the output of the dynamics are only three positions gathered in £ € R3.
In the literature, there are works which consider all of these four input variables, i.e., thrust and
three angles, at the same time, in which the yaw angle input is assumed to be equal to the yaw
reference 1, [Cowling et al., 2007, Mueller and D’Andrea, 2013, Lu et al., 2017]. Therefore, the
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method relies on the yaw angle tracking capability of the attitude controller at the low control
level (c.f. Figure 2.3.1) which actually cannot be well maintained due to difficulties in yaw
angle measurement (in comparison with measuring the roll, pitch angles [Bazin et al., 2008]),
changes in yaw reference during flight (e.g., for camera application as shown in Figure 2.2.7
or [Engelhardt et al., 2016]) and faults [Mueller and D’Andrea, 2014, Jiang et al., 2016, Nguyen
et al., 2017b].

In order to avoid this unnecessary dependence on yaw tracking capability and the complicated
over-actuated control design, we employ only the thrust 7" and roll, pitch angels ¢, 6 as the inputs
of the dynamics (2.1.9) while the yaw angle ¢ acts an external variable affecting the system.
This decoupling design also receives a lot of attention in the research community [Formentin
and Lovera, 2011, Freddi et al., 2011, Zhao and Go, 2014, Xu, 2017, Nguyen et al., 2017b]) due to
its valuable advantage which is to allow us to compensate the mismatch on yaw angle tracking.
For more details, from the aforementioned control perspective, the translation dynamics (2.1.9)
is transformed into its state-space representation as follows:

p = fp (p7 u, ¢) 5 (231)

where the state vector is p = [¢ v]T with ¢ the position vector, v = 5 is the velocity vector
from (2.1.10). The input vector u = [T" ¢ 6] consists of the thrust and the roll, pitch angles.
A

The dynamical function f, (p,u, ) = [v h(T,n)]" is appropriately taken from (2.1.10) where the
function h(-) is explicitly given by:

T 0 cos ¢ sin 0 cos ¥ + sin ¢ sin ¢
h(T,n) = —ge3s+ —Reg = — [0| + — [cos¢sinfsiny —sinpcos)| (2.3.2)
m m
g cos ¢ cos 0

with R the rotation matrix as in (2.1.5) and e3 = [0 0 1] from (2.1.9).

Furthermore, since the multicopter system is subject to its state and input constraints from
(2.1.12)-(2.1.13), the input u = [T ¢ 0]" also has to take into account the input saturation
effects:

u = sat(ug, Umax), (2.3.3)

with ug = [Ty, ¢4, 04 the control law to be designed and Upmay = [Tinax €max €max] from (2.1.12)—
(2.1.13). The saturation function sat(-) is firstly defined for two scalars, € R and its limit
Tmax € Ry, as follows:

sat(z, Tmax) = sign(z) max(|z|, Tmax), (2.3.4)

and then, it is extended for two vectors as in (2.3.3), i.e., gathering the saturation functions for
each pair of the elements: sat(ug, Umax) = [$at(Ty, Thmax) 5at(@d, €max) 5at(0g, €max)] "

2.3.2 Low level control problem

Recall the hierarchical control scheme given in Figure 2.3.1. The attitude controller tracks the
desired angle vector denoted by 7y which gathers the desired roll, pitch angles ¢4, 84 provided
from the high control level and the reference yaw 1, sent from the user:

Na £ [ba b2 0] (2.3.5)

Furthermore, it is well-known in the literature that the low level is required to execute at faster
frequency than of the controller at the high level in order to establish the stability of the whole



2.3. Hierarchical control design 41

scheme [Scattolini, 2009, Bemporad et al., 2009, Freddi et al., 2011]. Thus, from the perspective
of the low control level, the desired roll, pitch angles (¢4,04) obtained from the high control
level are usually considered as step references. Many related works in the literature also avoid
taking into account the variation of these references due to large noises potentially introduced
to the controlled system under practical considerations [Cao and Lynch, 2016]. Thus, within
this thesis, the role of the attitude controller is to stabilize the rotation dynamics (2.1.1)—(2.1.7)
around the desired equilibrium point 7, from (2.3.5) at each step.
Moreover, considering the system constraints (2.1.12)—(2.1.13), the control design problem within
the attitude controller is to provide the torque law 74 such that when applying the real torque
T calculated by:

T = sat(Ta, Tmax), (2.3.6)

with Tpax the maximum torque value as in (2.1.13), to the rotation dynamics (2.1.1)—(2.1.7),
the torque T stabilizes the dynamics around the desired angle 7, from (2.3.5). Furthermore, the
resulted angles and angular velocities are required to satisfy (|¢], [0]) < €max, (|wzl, [wy]) < Wmax
as delineated in (2.1.12).

Indeed, this control design problem subject to state and input constraints is convoluted. Thus,
in the literature, when considering the rotation controller, both the input saturation as in
(2.3.6) and the state constraints from (2.1.12) are usually neglected [Formentin and Lovera,
2011, Mellinger and Kumar, 2011, Roza and Maggiore, 2012, Carino et al., 2015, Nguyen et al.,
2017b]. Even though these probably lead to undesired and even unstable motions, the obtained
control designs are worth considering in order to obtain an insight on the aforementioned so-
phisticated control problem. Therefore, we present in the following a standard computed-torque
control design for the attitude controller. The design is given under the assumption of no state
and input constraints.

Computed-torque control for attitude control:
Computed-torque control (CTC) is a special application of feedback linearization control par-
ticularized for a broad range of robotics systems [Craig, 2005]. These systems are also referred
as “computed-torque like” systems and admit the Lagrangian dynamical models [Lewis et al.,
2003]. Some typical examples are industrial robot arms and also the rotation dynamics (2.1.1)—
(2.1.7) which is transformed into its “computed-torque like” formulation by using w = W from
(2.1.7):

JWii + JWn 4+ (Wn) x (JWn) = sat(T, T4), (2.3.7)
with J = diag{.J,, J,, J.} the inertial tensor and the matrix W from (2.1.8). The CTC design
presented in [Craig, 2005 provides the desired torque T4 given by:

Ta2 Tore = JWpy + JWn + (W5) x (JW1), (2.3.8)

in which, J is the inertial tensor and W,n,7 are obtained as feedback from the system (2.3.7).
The virtual input p, € R? is designed using the well-known PD control method:

oy = Ta + Kye, + Kye, (2.3.9)

with e, = n —n4, €, = ¢, = 1 — 1)q the errors on the angles and the angle derivatives. Note
that, the reference terms (14, 74, 7ja) are taken and derived from the desired angle signal n;. The
control gain matrices are chosen as K, = diag{Ky, Kg, Ky} and K; = diag{K, K4, K;} in
which all the control gains are strictly negative to ensure the closed-loop stability. Thus, by
introducing T = T¢re as in (2.3.7)-(2.3.8) (i.e., no consideration on the input saturation) to the
dynamics (2.3.7), we obtain the following error dynamics:

ey + Kyéy + Kyep, =0, (2.3.10)
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which can be made asymptotically stable by appropriate choices of the tuning parameters ac-
cording to Routh-Hurwitz criterion [Craig, 2005].

Remark 2.3.1. The torque design using CTC method as in (2.3.8) implies several robustness
problems especially when considering model mismatches, measurement delays and system con-
straints [Egeland, 1986]. Therefore, a more advanced control technique must be applied instead.
We will show in the next chapter that an optimization-based controller with the capability of
guaranteeing the imposed state and input constraints (2.1.12)-(2.1.13) can be derived from the
knowledge on the CTC controller (2.3.8). More precisely, the CTC controller (2.3.8) will act only
as a feasibility guarantee for the optimization problem and its applying region will be limited
around the desired equilibrium point, hence, ensuring the satisfaction of the system constraints.
Note also that, the PD control design as employed in (2.3.9) is just a simple choice for illustra-
tion purpose. Various control techniques such as nested control design [Teel, 1992, LQR (Linear
Quadratic Regulator) [Kuantama et al., 2018], etc, can be applied to control the resulted linear
error dynamics (2.3.10). O

In the following, we present a control candidate for the position controller at the high level.
Not like the CTC attitude controller given in (2.3.8), the design fully satisfies the control prob-
lem presented in Section 2.3.1, i.e., ensuring the trajectory tracking capability under input
constraints. The design is actually a feedback linearization controller which makes use of the
flatness properties of the translation dynamics as presented in Section 2.2.1, thus, being reliable
even under tracking mismatch or intentional change of the predefined yaw angle.

2.4 Position control through feedback linearization via
flatness

For controlling the dynamics (2.3.1), there exists a feedback linearization control candidate which
is facilitated by the differential flatness property of the multicopter system introduced in Section
2.2.1. The controller is denoted by upy(fie, V) 2 [Ten(pte)  Gen(pte; V) Opn (e, 1)]" in which
Tew(1te) = Yr(pe), Genlpte, ) = Tolpte, ) and b (e, ) = To(pe, v) with Tp(-) from (2.2.11),
Ty(-) from (2.2.5) and , Yy(-) from (2.2.6) are the flatness representations of thrust and roll,
pitch angles, respectively. Explicitly, the elements are given as follows:

Tou(pte) = mafu2 + 2 + (2 + g)2, (2.4.1a)
Do (16, ) = aresin | A2SE 1 COSY ) (2.4.1b)
Py £ (e 4 9)?
fe: COS Y + [y sinqﬂ)
0 ,1) = arctan , 2.4.1c
o 1 ) (1ot (2410

with pe £ [ie py p1z)" the virtual input vector of the dynamics (2.3.1). Even though the
feedback linearization law (2.4.1) has been employed widely in the literature [Formentin and
Lovera, 2011, Freddi et al., 2011, Zhao and Go, 2014, Xu, 2017, Nguyen et al., 2017b]), most of
the works do not notice its restriction. To the best of our knowledge, the limitation was first
discussed in [Nguyen et al., 2018b] and will be recapitulated hereinafter.

Proposition 2.4.1 ( [Nguyen et al., 2018b]). The feedback law we,(pe, ) given by (2.4.1) drives
the dynamics p = f, (p, up.(-),¥) from (2.3.1) to one of the two following systems depending on



2.4. Position control through feedback linearization via flatness 43

the value of the virtual input pu,:

( . .
T = Vg, Up = Uy

Y =vy, Uy =y (equivalent to & = pe ), if pe > —g, (2.4.2)

\(F = Uz, Uz = Uz
p

T =1,, Uy = —cos(2¢)p, — sin(2¢)
Y= vy, Uy = —sin(2¢)pu, +cos(2Y)py, , if g2 < —g. (2.4.3)
\2': = Uy, v, = Mz — 29

Proof. We provide here the sketch of the proof while further details can be found in [Nguyen
et al., 2018b]. Let us consider the altitude dynamics exploited from (2.3.1) given as:

muv, = —mg + T cos ¢ cos 6. (2.4.4)

Since T cos ¢ cos§ > 0, v, + g always has a non-negative value. Thus, introducing (2.4.1) into the
dynamics (2.3.1) leads to 0,4+ ¢ = |u. + g|. Consequently, v, = p, if p, > —g and 0, = —p, —2g
if 4, < —g. Introducing them back to the system (2.3.1) leads to the corresponding results of
v, and v,. The relation v = 5 is not affected. O]

The dynamical system (2.4.2) is usually the desired goal of using the feedback law wuy,;, from
(2.4.1) in various works [Nguyen et al., 2017b,Zhao and Go, 2014, Formentin and Lovera, 2011].
However, if the condition of pu, > —g is not validated, the undesired dynamics (2.4.3) may
occur which probably leads to unstable behavior. Furthermore, it requires the desired input
ug = Up (e, ) from (2.4.1) not to be affected by the saturation constraint v = sat(ug, Umax)
(2.3.3), hence, providing exactly u = g (+) for the closed-loop system p = f, (p, u, ¢) from (2.3.1)
to be perfectly feedback linearized. Therefore, we introduce another result published in [Nguyen
et al., 2018b] related to the construction of an input constraint admissible set for the feedback
linearization law wy () from (2.4.1).

Proposition 2.4.2 ( [Nguyen et al., 2018b]). By choosing the values of the three positive satu-
ration limits Uy, U, and U, such that:

U. <y, (2.4.5)
2 2 2,2
Uz + U, < (=U. + g)” tan” €, (2.4.6)
myJU2 + U2 + (U + 9)? < T (2.4.7)
With €mag, Tmaz from (2.1.12)-(2.1.13), the following holds. If the virtual inputs pe from (2.4.1)

satisfi:
el < U, (2.4.8)

with Ug £ [U, U, U,]7, then, the feedback linearization input we,(pie, 1) from (2.4.1) satisfies the
system constraints, i.e. |ur(-)| < Umaz from (2.3.3), for all values of the yaw angle p € R. O

Proof. At first, (2.4.5) is to ensure the achievement of the desired dynamics (2.4.2). Then, let
us apply the results of Proposition 2.2.4 to ¢r, = Ty (pe, 1) and g, = Yo(pe, ) from (2.4.1b)-

(2.4.1c):
Rl
(orslptc, )} B ) < To(pe) = avetan ([0 ). (2.49)
3In (2.4.8), |ue| < Ug is used to express the triplet of [u,| < Uy, |py| < Uy and |u,| < U, with Ug £ [U, U, U,]"
from (2.4.5)—(2.4.7).
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with Y(-) the angle boundary from (2.2.15). Next, by introducing |u,| < U,, |, < U, and
lu,| < U, with U, < g from (2.4.5) to the final term of (2.4.9) and to Ty, (pe) from (2.4.1a), we
have that:

Uz +U;

<‘¢FL(U£7¢)|7 |9FL(M§,¢)|> < arctan (

nw@§m¢@+U}H@+m? (2.4.11)

Therefore, by introducing the two first conditions (2.4.5)-(2.4.6) to (2.4.10) and the last one
(2.4.7) to (2.4.11), we obtain (|¢e.(+)], |0rL(-)|) < €max and Tip,(tte) < Thax, hence, completing the
proof. ]

2.4.1 Virtual input design using nested-control method

By Proposition 2.4.2, we need to ensure the bound of the virtual inputs, i.e., |u|, < Ug from
(2.4.8) in order to guarantee the feedback linearization property of uy () as shown in (2.4.2). In
the literature, a popular candidate for guaranteeing the input saturation constraints is nested-
control method [Teel, 1992] which will be employed for designing the virtual inputs |u|, here-
inafter.

Proposition 2.4.3 ( [Nguyen et al., 2018b]). Let us consider the design of the virtual input
vector pe = [fiy py p1z) from (2.4.1) given by:

. A
He = fr + sat (Kle§ + sat (_K1K2€£ + Kgég, 5) ,)\) , (2412)
where eg = £ — &, represents the position tracking error and Ky, Ky € R**3 the control gain

matrices required to be diagonal and negative definite. The saturation function sat(-) is defined
in (2.3.4) while the limit A € R3 is given by:

&l (2.4.13)

where Us € R3 from Proposition 2.4.1 are chosen (beside the conditions (2.4.5)-(2.4.7)) such
that:

A= U —

MM- (2.4.14)

Then, the design in (2.4.12) satisfies |pe| < Ue (required by Proposition 2.4.2). Furthermore,
introducing the controller wg = wp, (e, ) with pe from (2.4.12) to the system p = f, (p, u, V) with
u = sat(Ug, Upmag) given in (2.3.1), (2.3.3) leads to globally asymptotically stable error dynamics
in terms of the position tracking error eg. O

Ue > m?X

Proof. Applying the Triangle inequality [Meyer, 2000] to the virtual input p¢ from (2.4.12) leads
to:

&
with A defined as in (2.4.13). Then, from Proposition 2.4.2, we have that |urL(fe, V)| < Umax
with pe as in (2.4.12) and wmax from (2.3.3). Thus, introducing the controller ug = ey (11, 1) to

the dynamics p = f,, (p, u, ) with u = sat(ug, Umax) given in (2.3.1), (2.3.3) leads to the following
system:

+A=U, (2.4.15)

|| <

A
éf = sat (Klég + sat (—Klngg + Kgég, 5) ,/\) , (2416)
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with e = & — ¢, from (2.4.12). The error dynamics (2.4.16) is obtained from the dynamics
(2.4.2) and is globally asymptotically stable for any negative definite and diagonal matrices K

and K following the nested-control design method introduced in [Teel, 1992] and recapitulated
in Appendix C. O

Remark 2.4.4. Instead of applying the nested control design as in (2.4.12), the usual PD control
can also be employed for designing the virtual input p, from (2.4.1) as follows:

pte = & + Keee + Kyée, (2.4.17)

with &, the reference acceleration, e¢ the position tracking error as in (2.4.12). The control gain
matrices K¢ € R**? and K, € R**3 are chosen to be diagonal and negative definite as similar
to (2.4.12). Then, the closed-loop error dynamics are locally asymptotically stable. This is due
to the condition |p¢| < Ug from Proposition 2.4.2 which can only be satisfied locally where the
following condition holds: )

|§r + ngg + KU€U| S Ug. (2418)

Note that, (2.4.18) can be enforced by designing a positive invariant set in which |K¢ee+ Kye,| <
U —max; |€,(t)| is guaranteed (note that, the condition U > max; |€,(t)] as in (2.4.14) is required
again). These results will be introduced in Chapter 4 where a constraint admissible and positive
invariant set is essential for the design of an optimization-based controller. 0

2.4.2 Consistency of the constraints on thrust and roll, pitch angles

/ Flatness-based \ \

trajectory generation &Y N\ Ta<Tnax The attitude
Requirements: : " Position j "\ controller and the
v, controller |94l = €max | entire multicopter
- |9d| =< €max SyStem

(el 16:1) < €,

\ T ST < Ty, / N /

Figure 2.4.1: Flatness-based trajectory generation process and the position controller sharing
similar constraints on thrust and roll, pitch angles.

Let us recall the saturation limits Us = [U, U, U,] from Proposition 2.4.2 which are required
to satisfy the conditions (2.4.5)—(2.4.7) and also (2.4.14) (note that, (2.4.14) is employed not
only for the nested control design but also the PID design as in (2.4.18)). This raises a question
on the existence of these saturation limits or in other words, on the consistency between the re-
lated variables: m, g, €max, Tmax (representing the physical parameters of the multicopter system)
employed in (2.4.5)(2.4.7) and &, (representing the reference trajectory) used in (2.4.14). In
the following, we provide the sufficient condition for the existence of Ug satisfying (2.4.5)-(2.4.7)
and (2.4.14). Furthermore, via the answer, we propose a condition for choosing the parameters
of the reference trajectory such that it allows to design the tracking controller g (pe, ) as in
(2.4.1) subject to the limits of the multicopter system.
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Proposition 2.4.5 ( [Nguyen et al., 2018b]). A sufficient condition for the existence of U,, U, U,
satisfying (2.4.5)—(2.4.7) and (2.4.14) is that the reference boundary angle €., from (2.2.36) and
the reference thrust limits T, . , T, .. from (2.2.37), all employed within the trajectory generation

problem (2.2.46), have to satisfy:

o IfT, . cose,. . + 1. . <2mg holds, then:
T,
V2 7 AN 6, < AN €, (2.4.19)
\/ (2mg — T, cose,,. ) +2T2 sin’¢,, . < T (2.4.20)

o otherwise, if T, . cose. . ~+T. . > 2mg holds, then:

T, (1 + V2cotan (e sine, ) < 2mg, (2.4.21)

Trmaz \/ 1 + Sln2 ET’m(w S Tmaa:; (2422)

with m the system mass, g the gravity, €mq: and Ty,q. the constraint parameters of the multicopter
system given in (2.1.12)—-(2.1.13). O

Proof. The proof is explicitly given in Appendix D and also in [Nguyen et al., 2018b]. Note that,
in [Nguyen et al., 2018b], the condition T, _. cose, .. + T, .. < 2mg is enforced by constraining
T, . +T.. =2mg, hence, the second case does not appear there. We also emphasize that the
domain where T, cose. .+ T, < 2mg holds is usually the operating zone of the standard
multicopter system (near hovering), the other case is only applied when considering extremely

aggressive movements (e.g., requiring very large thrust) as in [Landry et al., 2016]. O

min

max

By Proposition 2.4.5, we link the constraints shown in Figure 2.4.11.e., T, <7, <7,  as
in (2.2.37) and (|¢,|, |0:]) < €., imposed on the trajectory generation problem (2.2.46) with
their actual constraints Ty < Tiax and (|éq|, |0a]) < €max considered within the design of the
position controller. Therefore, we create a unified design scheme for trajectory generation and
tracking with bounded thrust and bounded angles while respecting the physical constraints of
the system.

As a summary, this section introduces the design of the position controller using the feedback
linearization controller wgy (pe, 1) from (2.4.1) with g, the virtual control input designed as in
(2.4.17). Based on the properties of the flatness-based representations of the system, the feedback
linearization controller can ensure the saturation guarantees as detailed in Proposition 2.4.2.
The nested control design of the virtual inputs pe as in (2.4.12) allows the closed-loop system
to overcome the unstable mode as in (2.4.3) and to achieve the global asymptotic stability for
tracking the reference trajectory &,(t). The existence of the control design parameters (i.e., the
saturation limit U, from Proposition 2.4.2) is enforced by constraining the reference angle limit
€rmar, the lower and upper bounds of thrust 7, . .7, employed for generating the trajectory,
to satisfy the conditions (2.4.19)-(2.4.20).

Next section will present the validation of the proposed feedback linearization position con-
troller through simulation and experimental results over a real quadcopter platform.

min ?

2.5 Simulation and experimental results for trajectory
tracking

This section firstly introduces the experimental platform using the Crazyflie 2.0 (CF) nano-
drone equipped at the Laboratory of Conception and Integration of System (LCIS), in Valence,
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France. Then, we show the experimental results for tracking the reference trajectory generated
as in Section 2.2.6 by using the hierarchical control scheme detailed in Section 2.3.

2.5.1 Experimental platform

The experimental platform at laboratory LCIS shown in Figure 2.5.1 includes an indoor CF
quadcopter equipped with a 10-DOF Inertial Measurement Unit (accelerometer, gyro, mag-
netometer, and high-precision pressure sensor) and a motion tracking system called the Loco
positioning system? including a deck attached to the CF quadcopter and six nodes fixed around
the experimental room with known positions. The Loco positioning system is functioning in
Two Way Ranging (TWR) mode in which, the deck pings the nodes in sequence. This allows
the deck to obtain the distance between itself and the six nodes, then, the deck can calculate its
position compared to the six nodes. After gathering all the necessary feedback information such
as the position and the angles using the embedded software, the CF quadcopter communicates
with the ground station computer through a 2.4Ghz low-latency /long-range radio messages by
using the Crazyradio PA USB radio dongle. The computer sends an input message including the
four inputs {7y, ¢4, 04, ¢r} to the CF quadcopter with the maximum communicating frequency
of 100 Hz. Note that the thrust input 7} after being calculated by the desired control law (e.g.,
the feedback linearizaion controller Ty, as in (2.4.1a)) is required to be converted into the thrust
unit of the CF quadcopter system, i.e. 16-bit integer valued from 0 to 65535. Furthermore, since
the Loco positioning system provides only the position of the CF, its velocity is estimated by
using a Kalman filter in which the required noise information is measured beforehand.

Two Way Ranging
radio message

Crazyflie 2.0 with
Loco Positioning deck

)

Experimental room equipped with Crazyflie client ~ Crazyradio PA
the Loco Positioning system interface USB radio dongle

Figure 2.5.1: Experiment setup using the Crazyflie 2.0 nano-quadcopter.

Figure 2.5.2 shows the hierarchical control scheme of the CF in which the built-in controller
controls the four rotors (by sending PWM signals) to track the desired set-point of thrust Ty,
roll and pitch angles, dg, 6,4, and reference yaw rate t,. The built-in controllers of CF contain
two loops [Luis and Ny, 2016, Giernacki et al., 2017]:

i) an attitude PID controller which compares the desired angles, and the real angles received
as the feedback from CF, then, provides the references of the roll and pitch angle rates;

4More information of the Crazyflie quadcopter and the Loco positioning system can be found in https:
//www.bitcraze.io
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Figure 2.5.2: Hierarchical control scheme with the built-in controller of the Crazyflie quadcopter
system.

ii) a PID rate controller which compares the rate references included the foregoing yaw rate
input 1, and the real angle rates obtained from CF quadcopter in order to calculate the
torques.

Finally, the torques and the desired thrust input 7} are transformed into the four rotor speeds
by using the appropriate configuration (i.e. X configuration for the CF quadcopter [Luis and
Ny, 2016]).

Note that, for experimental validation, we only apply the position controller detailed in Section
2.3.1 and directly employ the built-in controller without any modification while for simulation,
we employ the CTC controller given in (2.3.8) (with noticing all of its drawbacks) in order to
obtain the whole controlled multirotor system.

2.5.2 Simulation and experiment results for trajectory tracking

In this section, we consider the simulation scenario of tracking the a priori given reference
trajectory &,(t) as shown in Figure 2.2.3b during the first 15 seconds, then, hovering at the final
position &.(15) = [2 0 0]" for 5 seconds. Under simulation, we validate both the position and
attitude controller detailed in Sections 2.3.1-2.3.2 while only the position controller wy (e, ) as
in (2.4.1), (2.4.12) is tested under real experiment due to the technical limitation of the platform
(as shown in Figure 2.5.2). Note that, the drone actually starts and finishes the trajectory with
the two hovering periods. After obtaining the experimental results, we move the coordinate such
that the first hovering position becomes the zero point.

We show in Table 2.5.1 the tuning parameters of the feedback linearization controller g, (1e, )
as in (2.4.1), (2.4.12) and the computed-torque attitude controller Tore from (2.3.8). The
saturation limits U = [U, U, U,]" are chosen to satisfy the conditions (2.4.5)—(2.4.7) and also
Ue > max, |&,.(t)] as in (2.4.14) with max;, |£,.(t)] = [0.2396 0.5948 0.2974]T obtained from the
reference trajectory &,.(¢) in Figure 2.2.3b. We choose U, = U, and maximize the value of U,
since we focus more on the convergence of the altitude while equally treat the motions along x
and y axes.

The tracking motions of the CF quadcopter using the position controller ug, (pe, 1) are shown
in Figures 2.5.3a-2.5.3b in which the reference trajectories &, = [z, y, zr]T are plotted in dashed
red lines while the simulation and experimental results are illustrated by a thin blue line and
thick green line, respectively. Both tracks well the reference during the time interval of [0, 15]
seconds and also provides good hovering capability as can be seen during the last 5 seconds (3D
motions of hovering scenario can be seen from the magnifying inset in Figure 2.5.3a).

Next, the desired values of thrust T, obtained from the feedback linearization position controller
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Parameter

Value

Position controller ug,, (¢, ¥)
from (2.4.1), (2.4.12)

Ug as in (2.4.13)

[0.7168 0.7168 2.5970] "

K, as in (2.4.12)

—diag{1, 1,2}

K, as in (2.4.12)

—diag{2,2, 3}

Attitude controller Toro

K, as in (2.3.9)

— diag{10, 10,4}

from (2.3.8)

K, as in (2.3.9)

— diag{25,25,4}

Table 2.5.1: Parameters of the position and attitude controllers given in (2.4.1) and (2.3.8).
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(b) Tracking results along three axes.

Figure 2.5.3: Position tracking results along the three axes of the feedback linearization position
controller ug, (e, ) given in (2.4.1),(2.4.12) [Nguyen et al., 2018b].
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Figure 2.5.4: The desired thrust values T, provided by the feedback linearization position con-
troller wg (pte, ) given in (2.4.1),(2.4.12) with respect to the thrust reference 7, [Nguyen et al.,

2018b].
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Figure 2.5.5: Three actual Euler angles (¢,6,1) with respect to their desired values: ¢4, 0y
obtained from the feedback linearization position controller ug, (¢, 9) given in (2.4.1),(2.4.12)
and 1,(t) = 0 under experiment [Nguyen et al., 2018b].
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Figure 2.5.6: Three Euler angles (¢, 6,1) under simulation with respect to their desired values:
¢d,04 obtained from the feedback linearization position controller wug(ue, ) given in (2.4.1),
(2.4.12) and 9, (t) = 0 [Nguyen et al., 2018b].
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Figure 2.5.7: Angle rates (w, w,,w,) under simulation using the CTC attitude controller given
in (2.3.8).
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Figure 2.5.8: Torques under simulation using the CTC attitude controller given in (2.3.8).
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ey (g, 1) from (2.4.1) are given in Figure 2.5.4 for both experiment (plotted in green line) and
simulation (plotted in blue line). The simulation thrust follows well the reference T, while the
experiment thrust oscillates around the reference with large amplitude. This is due to the lim-
ited precision of the Loco positioning system (c.f. Figure 2.5.1) of around 10 centimeters, hence,
even during the hovering period in the last five seconds, the position feedback is still varying
significantly as can be seen from Figure 2.5.3b. Note that, all the signals respect the thrust limit
Tmax = 0.55 N which is hidden from the plot to enhance the clarity.

The position controller wg (pe, ) from (2.4.1) also provides the desired roll, pitch angles (¢4, 64)
which are given in Figure 2.5.5 for the experimental scenario and in Figure 2.5.6 for simulation.
From Figure 2.5.5, it can be observed that the actual yaw angle 1 plotted in solid blue line
varies significantly and does not follow the predefined reference v,(¢) = 0. This is due to the
fact that we intentionally give ¢, = 0 as the input to the CF system, thus, we can examine the
validation of the reliable constraints (@, (fte, 1), Orr (e, V) < €max, V9 € R from (2.4.10). And
as can be seen from Figure 2.5.5, even under this unpredicted varying yaw angle v, the controller
upr(fte, 1Y) from (2.4.1) is still capable of providing ¢4 (dashed red line) and 6, (dashed green
line) which respect the maximum angle €., = 10°, and furthermore, ensures the trajectory
tracking capability as mentioned before. Note that, since the yaw angle ¢/ has been changed
from its reference 1), = 0, the desired roll, pitch angles (¢g4,0;) do not follow their references
(¢, 0,) given in Figure 2.2.5a.

Next, under simulation, the CTC attitude controller Ty, crc from (2.3.8) tracks well the de-
sired roll, pitch angles (¢g4,604) as observed in Figure 2.5.6. It further provides the angle rates
(Wg, wy, w,) and the torques (T4, Ty, T1)) shown in Figures 2.5.7-2.5.8 which clearly respect the
corresponding constraints, i.e., (|wy|,|wy]) < Wmax With wpax = 1 rad/s from (2.2.48) and
IT] < Tumax With Toa = 107443 43 17]7 N/m. Note that, these constraint validations are
mostly due to the fact that the reference trajectory is already feasible for the system, i.e., it
validates all the aforementioned constraints as can be seen from Figures 2.2.5a-2.2.5b. The CTC
attitude controller does not possess any mechanism for guaranteeing these constraints.

2.6 Concluding remarks and open questions

This chapter presented the fundamental tools for solving the motion planning problem for mul-
ticopter systems. These will also be used to tackle further extensions. The overall process can
be summarized as follows:

i) examine the system dynamics in order to derive its flatness-based representation;

ii) generate off-line a feasible reference trajectory by using flatness and a specific parametriza-
tion - the B-splines curves;

iii) design an online tracking mechanism.

Following the aforementioned steps, this chapter firstly addresses the dynamical model of a stan-
dard multicopter system including two subsystems: rotation and translation dynamics with their
corresponding constraints. Then, the flatness property is introduced which allows us to formu-
late some reliable angular constraint formulations. These constraints help not only guaranteeing
the constraints under change of a predefined yaw angle trajectory but also provide the ease to
counteract the control design problem with respect to the uncertainties on yaw angle tracking.
Next, we parametrize the flatness representation of the system by using B-spline curves which
provide the ease to formulate the minimal-length trajectory generation problem into a standard
optimization problem with a quadratic cost.
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Then, for online tracking control design, we employ the standard hierarchical control scheme
consisting of two layers due to the natural decoupling of the system dynamics. The position
controller at the high level compensate the position errors by providing the desired values of the
thrust and the roll, pitch angles. These desired angles are tracked by the attitude controller at
the low level. The two control candidates are introduced into the scheme:

i) at the high level, the feedback linearization controller via flatness e, (p1e,¢) (with pe the
virtual input employing nested control method) is employed;

ii) at the low level, the computed-torque controller T.r¢ ensures the angle tracking.

The controller ug, is capable of globally guaranteeing the thrust and angle constraints even
under the uncontrolled yaw motion while the controller 7.1 is employed locally where all the
constraints are assumed to be satisfied.

The whole process is successfully validated through simulations. Furthermore, by using a real
experimental platform consisting of a Crazyflie 2.0 nano-quadcopter and a position estimation
system, the position controller ug;, shows its capability of counteracting the mismatch on yaw
angle tracking and of guaranteeing all the imposed constraints. The attitude controller is not
implemented for a real test due to the non-modifiable built-in controller of the platform.

The results are promising, however, they still raise some questions:

1. The feedback linearization controller ug,(pe, ) from (2.4.1), (2.4.12) can guarantee the
input constraints, but at the price of providing needlessly conservative values which causes
significant loss of efficiency. Furthermore, it requires a sophisticated design process (i.e.,
the feedback law wgy (f1e, 1) from (2.4.1), the nested control design pe from (2.4.12), the
saturation limits U from Proposition 2.4.2 and the consistency conditions from Proposition
2.4.5). Hence, the following question arises: can we employ another control candidate
which can still guarantee the imposed constraints but allow a less complicated design
procedure?

2. The CTC controller T can only be used locally where all the system constraints are
not violated. Even though this restriction can be counteracted by generating a feasible
reference before applying the controller, it still limits the operation of the system when
considering uncertainties.

These open problems will be answered in the following chapters. We firstly answer the second
problem in the next chapter since this is more general than the particular case of the translation
dynamics. In order to overcome the difficulties, we propose the design of an optimization-
based controller with stability induced by the existence of a computed-torque control law of the
considered system. The proposed theory will be applied for designing the attitude controller at
the low level of the control scheme.



Chapter 3

Attitude control through NMPC with
guaranteed stability

The attitude control of aerial vehicles (usually considered as 3D rigid bodies) has raised much
interest in both the research and the aerospace industrial communities [Chaturvedi et al., 2011,
Intwala and Parikh, 2015] due to the growth of various applications such as path/trajectory
tracking or inspection and surveillance using drones including commercial fly-cams. The attitude
controller is an important element of the control process since it stabilizes the vehicle at the
desired angle set-point received from the high control level (c.f. the hierarchical control scheme
of the multicopter system given in Figure 2.3.1). While conceptually simple, there are interesting
intricacies due to two reasons:

i) the angle rate vector w from (2.1.1) is not directly integrated into the attitude but through
a nonlinear transformation w = Wr as in (2.1.7);

ii) the attitude, as characterized by the three Euler angles 1 from (2.1.5), implies the existence
of singularities occurring at some specific orientations (e.g., upright position).

Even though the second point ii) can be easily overcame by using the quaternion representa-
tion [Nguyen et al., 2020a, Carino et al., 2015, Tayebi and McGilvray, 2006], we still employ the
Euler angles representation since it has been widely used in various aerospace applications and
furthermore, has been applied to numerous existing commercial platforms (e.g., the Crazyflie
nano-drone as shown in Figure 2.5.1). A practical reason for this is the equivalent between the
yaw angle and the vehicle’s direction [Nex and Remondino, 2014, Intwala and Parikh, 2015].
Therefore, in order to avoid the singularities, it is essential to take into account all the state con-
straints as in (2.1.12) and also the torque constraint as in (2.1.13) when designing the controller.
However, various attitude control applications in the literature following the same reasoning only
assume that the controlled system will operate in the admissible range without any necessary
enforcement [Cowling et al., 2007, Freddi et al., 2011, Mueller and D’Andrea, 2014, Nguyen et al.,
2017b]. In view of these shortcomings, we propose in this chapter an NMPC (Nonlinear Model
Predictive Control) controller for tackling the attitude control problem under state and input
constraints since the MPC approach is well-known for its capability of easily handling various
constraints with a standard design while still providing good control performance [Mayne et al.,
2000].

MPC is a control strategy in which, at each time step, a finite horizon open-loop optimal control
problem, subject to (linear or nonlinear) system dynamics and constraints on states (including
the current state as the initial condition) and inputs, is solved to obtain an optimal control
sequence. From the sequence, only the control action in the first sampling time interval is ap-
plied to the system (considered here in the continuous-time domain). At the next sampling
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instant, the state is measured again and introduced into the optimization problem. The process
is iteratively executed to establish the closed-loop controlled system. Thanks to its capacity
to handle various constraints, MPC has become a popular control candidate for both research
and industrial purposes [Mayne et al., 2000, Badgwell and Qin, 2015]. However, there are still
various remaining issues on MPC design, such as heavy computation requirements, stability and
feasibility. Recently, the consequence of the computational burden has been reduced by vari-
ous research works on fast-solving methods [Alamir and Murilo, 2008, Badgwell and Qin, 2015],
more powerful solvers [Houska et al., 2011, Wachter and Biegler, 2006] and advancing proces-
sors/microprocessors technologies [Mayne, 2014]. As a result, it has already become possible
to employ MPC method for aerospace applications [Marchand and Alamir, 2003, Rucco et al.,
2015, Reinhardt and Johansen, 2019, Nguyen et al., 2019b], well-known for their strict timing
demands.

Furthermore, it is important to mention that the stability and feasibility issues need to be taken
into account from the beginning of the design process, hence, avoiding the possibility of leading
to infeasible solutions during execution or even to instability. For tackling these issues, two
additional ingredients in the MPC scheme are reported in the literature: a terminal cost and
a terminal constraint set (besides the standard indispensable stage cost). This design is facil-
itated by the existing designing rules presented in [Mayne et al., 2000] which revolve around
an important ingredient , usually hidden from the MPC scheme: a local controller. The term
“local” refers to the fact that it is locally input constraint admissible. The terminal constraint
set is usually positive invariant and both state and input constraints are admissible within the
set under this local controller. Therefore, it is required to define explicitly the local controller
and then, to construct the corresponding constraint admissible positive invariant set in order to
apply the method. Bear in mind that the local controller is only used to design the ingredients
of the MPC controller and furthermore, it has less advantages in comparison with the MPC one.
Le., the MPC controller allows the system to start from an initial state outside the terminal
constraint set (only the final predicted state is required to stay within the set) while using only
the local controller implies that the operating zone should be restricted within the set (in order
to respect all the system’s constraints and to achieve the positive invariant property). Further-
more, the MPC strategy allows the controlled system to efficiently make use of its power (as
the input is only restricted by its constraints) while the local controller has to follow its defined
formulation. Last but not least, using a local controller not only guarantees stability but also
functions as an initial guess for the optimal control, to be found by the optimization problem.
Thus, while nominally the local control is never used, it can still function as a fail-back if the
optimization problem cannot provide an optimal results within the predefined solving time.

In the literature, almost all related NMPC (nonlinear MPC, i.e., using nonlinear prediction
model) applications employ a linear local controller [Chen and Allgbwer, 1998 Mayne et al.,
2000, Cannon et al., 2003, Kohler et al., 2018] due to the complexity of the nonlinear controlled
systems. However, employing a linear controller for a general nonlinear system obviously restricts
the corresponding invariant set (also serving as the terminal region), reducing the efficiency of
the associated NMPC controller. In view of these shortcomings and also motivated by our pur-
suit of a more appropriate local controller for the NMPC design of robotics systems, the CTC
(Computed-Torque Control) law appears as a promising candidate which hopefully provides a
larger invariant set and a better insight into the system’s behavior (w.r.t. the set associated to
the linear controller). Indeed, one way to classify robotic control schemes is to divide them into
“computed-torque-like” or “non-computed-torque-like” [Lewis et al., 2003]. There is a broad
range of systems employing a “computed-torque-like” controllers, such as, aerospace crafts, in-
dustrial robot arms and mobile robots [Poignet and Gautier, 2000, Ferrara et al., 2013, Uebel
et al., 1992] among which are the rotation dynamics given in (2.1.11) and which are the main
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control objective in this chapter. Thus, by exploiting the CTC law, we propose several contri-
butions related to improvements for the NMPC design, which are, to the best of our knowledge,
new to the state of the art:

1. An application of the CTC law to the existing NMPC design principles with guaranteed
stability. The CTC law allows to construct an ellipsoidal invariant set (serving as the
terminal region) associated with the closed-loop linear dynamics. It also guarantees the
input constraint validation within this set;

2. An upper bound is provided for the weighted norm of the CTC controller in terms of the
corresponding state within the terminal region. This is obtained using Taylor’s approxi-
mation for the CTC controller;

3. An explicit formulation of the terminal region is provided in terms of the design parameters,
thus, the NMPC design is capable of easily modifying (e.g., re-orientating or enlarging)
the proposed terminal region.

4. An NMPC design for attitude control with stability guaranteed by the existing CTC law
of the rotation dynamics which is obtained by applying the proposed theorem.

This chapter is organized as follows. Section 3.1 presents the principles of NMPC design with
stability guaranteed by using a terminal invariant set. Next, in Section 3.2, we first introduce
a “computed-torque like” system and continue by detailing the constraint satisfaction, the con-
struction of an invariant set and the input boundedness under the computed-torque controller.
These ingredients will be combined to formulate an NMPC design in Section 3.3 which satisfies
all the general principles, and hence, guarantees the system’s closed-loop stability. The per-
formance and advantages of the design are illustrated through various examples on an inverted
pendulum system and a comparison with the classical quasi-infinite horizon NMPC design [Chen
and Allgéwer, 1998] in Section 3.4. Next, an NMPC design for the attitude control of a mul-
ticopter system is addressed in Section 3.5. We apply the proposed method to the existing
compute-torque controller of the rotation dynamics with several important improvements on
reducing the complexity of the design and finally obtain an NMPC controller for angle set-point
tracking. Section 3.5.2 presents the simulation results on tracking the flatness-based reference
angle trajectory obtained in the previous chapter.

3.1 Principles of NMPC design with terminal stabilizing
constraints

In this section, we recapitulate the design principles of an NMPC controller using both a terminal
cost and a terminal constraint set. The principles have their origin in [Chen and Allgdwer, 1998]
and are summarized in [Mayne et al., 2000].

Specially, the terminal set is required to be constraint admissible and positive invariant under
a predefined local controller. Then, the NMPC design enforces the terminal predicted state of
the present prediction horizon to stay within the set which ensures the feasibility of the next
NMPC iteration. Furthermore, the closed-loop stability is established by choosing the terminal
cost such that the optimal cost value becomes a Lyapunov function [Mayne et al., 2000].

The approach considers a nonlinear system given as follows:

= f(x,u), (3.1.1)
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where the function f(-) admits one unique solution for a given initial condition. The control
problem is to stabilize the system (3.1.1) around its equilibrium denoted by («.,u.) which
satisfies the standard equilibrium definition:

f(xe,ue) = 0. (3.1.2)
The state * € R" and input w € R™, both subject to constraints:
reX, uel, (3.1.3)

with X € R® and 4 C R™. For the problem to be well-defined, X x U also contains the
equilibrium point (., u.) from (3.1.2).

The NMPC optimization problem for stabilizing the dynamics (3.1.1) at the equilibrium point
(x.,u.) at time instant ¢, using the known state x(t) is defined as follows:

gﬁr; J(w(t)vat())a (314)

with .
J(x(t), u(-)) :/t U(zy(s), we(s))ds + F(xe(t + 1)), (3.1.5)

subject to

xy = f(Z,u), (3.1.6a)
Zi(s) € X, u(s) €U, set,t+T,), (3.1.6b)
. (t) = x(1), (3.1.6¢)
x,(T,) € Xy, (3.1.6d)

with 7, € Ry the prediction horizon. Furthermore, Z;(s) and u(s) represent the predicted
state and input at time s (t < s <t + T,) while u,(-) as in (3.1.4)-(3.1.5) stands for the whole
predicted input trajectory along the prediction horizon length [t,¢ + T,], all corresponding to
the optimization problem (3.1.4) at time t. Next, the stage cost £ : X x U — R is a positive
definite function satisfying ¢(x.,u.) = 0 and {(xz,u) > 0, V(z,u) € X x U\{xe,u.}. The
terminal cost F' : X — R (also required to be positive definite, i.e., satisfying F(x.) = 0 and
F(x) > 0 Ve € X\{z.}) and the terminal region Xy C R™ are both chosen to satisfy the design
principles presented hereinafter.

Assuming that at time ¢, the optimization problem (3.1.4)—(3.1.6) provides the optimal input
denoted by u;(s) with s € [t,t+7T,], then, the control action applied to the system (3.1.1) during
the time interval [t,¢ + 0] is defined as follows:

Uypc(s) = u;(s), Vs € [t, t+ d], (3.1.7)

where the NMPC sampling time 0 < ¢ < 7}, is chosen depending on the specification requirements
of the considered system. More precisely, for a real implementation, it needs to be larger than
the computing time of the optimization problem (3.1.4)-(3.1.6) so that there remains time for
other control processes such as state measurement or estimation.

According to the MPC design classification presented in [Mayne et al., 2000], the NMPC problem
proposed in (3.1.4)-(3.1.6) belongs to the category in which both terminal cost and constraint
set are employed. For this category, [Chen and Allgéwer, 1998, Mayne et al., 2000] also provide
four design conditions, that, if satisfied, ensure the recursive feasibility! and the closed-loop
asymptotic (exponential) stability of the scheme. These are summarized in the followings.

IThe initial iteration successfully executed implies the feasibility of all the further steps [Chen and Allgower,
1998].
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Lemma 3.1.1 ( [Mayne et al., 2000], page 799). Let us consider the NMPC' controller (3.1.4)-
(3.1.7) for stabilizing the system & = f(x,w) from (3.1.1) around its equilibrium point x.. If
there exists a local controller wi,.(x) : R™ — R™ such that the four following conditions hold:

C1: [State constraints satisfied in Xy|. The terminal region Xy is required to satisfy:

Xy C X, Xy closed, x. € X. (3.1.8)

C2: [Input constraints satisfied in Xy|. The local controller wi,.(x) respects the input constraints
within X :
Upe(T) €U, Y € X (3.1.9)

C3: [Invariant terminal constraint set]. The terminal region Xy from (3.1.6d) is positive in-
variant under Wi(x).

C4: [Local Lyapunov function existence|. For all x € Xy, the following condition holds:

OF (x)

D f(@, wioe(x)) + (T, wine(x)) <0, (3.1.10)

where F () and ((-) are the terminal and stage costs from (3.1.5), respectively.

Then, the closed-loop control system & = f(x, Wype) with f(-) from (3.1.1) and wype from (3.1.7)
achieves the recursive feasibility and (nominal) asymptotic stability. O

Proof. The proof is given in [Mayne et al., 2000], pages 797-799. Furthermore, [Chen and
Allgower, 1998] shows how to apply a linear local controller uy,.(x) to design a quasi-infinite
horizon NMPC scheme satisfying Lemma 3.1.1. O

Example 3.1.2. Figure 3.1.1 illustrates the proof detailed in [Chen and Allgéwer, 1998, Mayne
et al., 2000] for the recursive feasibility property of an NMPC scheme satisfying Lemma 3.1.1
through an application on a simple dynamics & = f(x,w) as in (3.1.1) with its scalar state and
input (x,u) € R. The terminal constraint set Xy of the NMPC controller as in (3.1.6d) and

5 T, T,+6
S :B(O) \:le — U
5% (9) N T
~-z(t) = umpc(t), t € [0, ]
Ly|c & Us|c
B T; 4 uj

ol ET) =M e

reR, uceclUCR

0 0 20 30 44 50
Time

Figure 3.1.1: Illustration of the recursive feasibility property of a scalar system.
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the input constraint set U are given by the blue and yellow polytopic regions with the equilibrium
values (e, w.) in their middles, respectively. The simulation scenario is to stabilize the dynamics
around (e, w.) from its initial state x(0).

Recursive feasibility implies that the first NMPC iteration successfully executed guarantees the
feasibility of the solution for all future steps. Therefore, let us assume that the first NMPC
iteration at time t = 0 provides the optimal state & and the optimal input @y (plotted in thick
gray lines with square and triangle marks, respectively). Then, by applying the NMPC input w,pc
taken from the optimal input profile @ within the first sampling time ¢ as in (3.1.7) (plotted in
blue line with square marks), the state arrives to x(5) = Z(d) as shown by the overlap between
the ending point of x(t) (plotted in red line with circle marks) and the second square gray point
of the line Tj.

Nezxt, we will show that there exists a feasible solution for the next NMPC' iteration starting from
x(0) at time t = §. Let us consider the candidate input profile s .(s) (plotted in magenta line
with square marks) defined as follows:

_ o Jagls), s €8T,
tels) = {um(:zﬂc), s € (T,, T, + d]. (3.111)

Since the first part of @s.(s) is taken from the previous optimal input profile ug(s), it results in
the overlapping between the candidate state profile denoted by Zsc(s) (plotted in green line with
circle marks) and the previous optimal state profile Z(s) within the interval of s € [0, T,]. Then,
Z5).(T,) = T(T,) € Xf as noted within the yellow region representing Xy. Neat, due to the third
condition C3 of Lemma 3.1.1, Xy is positive invariant under the local controller w,,., hence, the
rest of the candidate state profile stays within Xy (green profile inside the yellow set) so it can
vary inside the sampling time because we see the control and state which would result from the
continuous local controller. Furthermore, since Xy is input constraint admissible from the second
condition C2 as in (3.1.9), the candidate input profile Us.(s) within the interval s = [T),, T, + 9]
always respects the input constraint (as shown by the smoothly varying part of the magenta line
within the blue region). Thus, these candidate profiles of state and input are acceptable, hence,
guaranteeing the feasibility of the second NMPC' iteration.

Starting from the candidate profiles Zs.(s) and s.(s), the optimization solver provides the
optimal solutions of state, &;(s) and input wj(s) for the interval s = [6,T, + d] (as plotted by
black lines with square and triangle marks, respectively). This also completes the illustrative

Proof.

The continuous-time NMPC setup given as in (3.1.4)-(3.1.7) allows the discretization step
of the prediction model (3.1.6a) (denoted by A) to be smaller than the NMPC sampling time
9 in (3.1.7) without requiring the explicit formulation as in discrete domain, hence, taking into
account inter-sample behavior [Magni and Scattolini, 2004]. More precisely, if the prediction
model as in (3.1.6a) is discretized with the step A, the discrete implementation of the proposed
NMPC scheme in (3.1.4)-(3.1.6) will have N, prediction steps with

T,

N, = Zp’ (3.1.12)
with T}, the prediction horizon interval. Next, the resulted NMPC input can be taken as N, first
steps (compared to the usage of the only one first step in the standard discrete NMPC design)
with:

N, = (3.1.13)

0
A’
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with N, € N* and ¢ the NMPC sampling time (between two consecutive moments when applying
the NMPC input uypc (3.1.7)). We emphasize that various works in the literature also consider
this NMPC setup in continuous-time [Mayne et al., 2000, Magni and Scattolini, 2004, Chen
and Allgower, 1998, Reble and Allgdwer, 2012]. In these works, the real implementation of the
controller employs a piece-wise constant control input within the sampling time interval (i.e.,
the input is constrained to keep the same value within every N, steps) which results in having
no differences with the standard discrete NMPC design but at the price of enhancing accuracy
of the prediction model.

We decide to employ the continuous-time NMPC formulation not only due to the aforementioned
reasons but also due to the ease of integrating the multicopter dynamics (2.1.10) within a
continuous NMPC framework. In the next sections, we will particularize the general NMPC
design (3.1.4) for a class of “computed-torque like” systems which stand for a broad range of
mechanical and robotics systems.

3.2 Use of computed-torque control in NMPC design

In this section, we first present the CTC (Computed-Torque Control) law and its associated
dynamical system. Next, we show the construction of an input constraint admissible set under
the CTC controller which is obtained by applying Taylor’s approximation to the controller.
The set allows us to obtain an admissible positive invariant set as required by Lemma 3.1.1
for designing an NMPC scheme with guaranteed stability (i.e., being employed as the terminal
constraint set within the NMPC design). Finally, an upper bound is provided for the weighted
norm of the CTC controller in terms of the corresponding state within the invariant set which
will be used to satisfy the fourth condition (3.1.10) of Lemma 3.1.1.

Let us start by giving the dynamical model of a system admitting a CTC law in its original
form and then, adapt it to the general state-space formulation & = f(x,u) as in (3.1.1). A
“computed-torque like” system is expressed in the second-order dynamics as follows [Craig,
2018, Lewis et al., 2003, Uebel et al., 1992]:

M(q)§+ N(4¢,q) = u, (3.2.1)

with the state ¢ € R™ and the actuator input u € R™. M(q) € R™*™ is a symmetric and
positive definite inertia matrix, IN(q,q) € R™ is the vector gathering the nonlinear terms (e.g.,
Coriolis forces, centrifugal forces [Craig, 2018, Lewis et al., 2003]). By defining the new state

vector * = [q ¢]T € R, the system (3.2.1) is transformed into the state-space formulation
given by:
= f(x,u), (3.2.2)
as similar to the general system considered in (3.1.1), Chapter 2, with
T, u) = _ . . 3.2.3
fla,u) [Om M (q) 1] [—N(Q7Q)+U] (3:23)
The equilibrium point of the system (3.2.1)-(3.2.2) satisfying f(x., u.) = 0 is defined as:
Lo = [QG O]T and Ue = N(O, Qe)a (324)

with ¢. € R™ the desired output. The state & and the input u are constrained as follows:
xeX, uel, (3.2.5)

where the state and input constraint sets are denoted by X and U and are convex in R*™ and
R™, respectively. X x U contains (., u.) in its relative interior.
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3.2.1 Linearization effect of computed-torque control

The system (3.2.1)-(3.2.2) admits a special feedback linearization law called CTC law [Craig,
2018, Lewis et al., 2003] given as:

Uore(@, 1) = M(q)p + N(q,q), (3.2.6)

where 1 € R™ gathers the so-called virtual control inputs. The equilibrium value of the virtual
input vector . is given by:

e = 0, (3.2.7)
which further provides werc (e, fte) = v, = N(0,¢.) as in (3.2.4). If ucrc(x, 1) satisfies the

input constraint (3.2.5), it transforms the system (3.2.1)-(3.2.2) into the controllable linear
system:

x = Ax + By, (3.2.8)
with A € R*™*?™ and B € R*™*™ given by:
A= BZ éﬂ  B- Bﬂ . (3.2.9)

Furthermore, we can stabilize the linear system (3.2.8) around its equilibrium point (., y.) from
(3.2.4), (3.2.7) by applying a simple linear control design for the virtual input p as follows:

po=pg(x) = K(x — x) + fe, (3.2.10)

in which, x. is given in (3.2.4), p, is from (3.2.7) and the notation “:=” means “to be defined as”.
Since linear dynamics (3.2.8) are equivalent to n double integrator sub-systems, an appropriate
design for the control gain matrix K € R™ 2" is given by:

K = [diag{K),, ..., K,,} diag{Kg,,...,Kq,}], (3.2.11)

with all the control gains required to be strictly negative, i.e., (K,,, K4) < 0,Vi € {1,...,n}.
Note that, introducing the virtual input px(2) from (3.2.10) to the system (3.2.8) results in the
following linear system:

e = Aye, (3.2.12)

with e = @ — x, the tracking error with . as in (3.2.4) and Ax = A+ BK with A, B, K
as in (3.2.8)—(3.2.10). The system (3.2.12) is stable due to the use of all negative control gains
(K,,, Kq,) <0,Vie{l,...,n} asin (3.2.11).
Hereinafter, we illustrate the aformentioned content through a typical example of a “computed-
torque like” system - an inverted pendulum.

Example 3.2.1. The dynamical system of the inverted pendulum illustrated in Figure 3.2.1 is
given by:
ml*G — mglsing = u, (3.2.13)

with ¢ € R the angle between the vertical line and the pendulum, u € R the input torque acting
on the pendulum, m the mass at the end of the pendulum, g the gravity and [ the length of the
assumed-massless link. For simplicity, no constraints on state and input are considered. The
dynamics (3.2.14) admits the CTC law given as follows:

Uerc(q, 1) = mi*p — mglsing, (3.2.14)

which linearizes the system (3.2.13) into a double integrator system G = p. Furthermore, in case
of stabilizing around q. = 0, by applying u = Kyq + Kqq with any pair of (K,, K4) < 0, the
closed-loop controlled system is asymptotically stable.
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Figure 3.2.1: Schematic of an inverted pendulum.

3.2.2 Satisfaction of input constraints under computed-torque con-
trol

In this section, we present the construction of an input constraint admissible set of the CTC
law wcre (2, ) defined in (3.2.6). The first step is to define the shape of the set which is usually
chosen either as an ellipsoid [Chen and Allgower, 1998 Kohler et al., 2018, Nguyen et al., 2019a],
or as a polytope [Cannon et al., 2003, Nguyen et al., 2019b]. The decision is usually made based
on the complexity resulted from considering the shape in conjunction with the control law, i.e.,
the CTC law wcrc (2, i) as in (3.2.6). Since we will employ the input constraint admissible set to
construct a positive invariant set later, an ellipsoid set appears as a more promising candidate.
Therefore, let us consider a ball B centered in (x., i) and parameterized by a radius ¢ € Rt as
follows:

Blg.,e) = {(@,1) € R X R"| @ — el + I — puc|* < £}, (3.2.15)

in which, the notation B(q., €) is due to the equilibrium value defined as e = [¢. 0] and ., = 0
from (3.2.4) and (3.2.7). Assuming that the CTC law wcre(, 1) (3.2.6) is continuous and twice
differentiable around the point (@, i) with wcrc(e, tte) = w. € U, it is trivial that we can find
a “small enough” value of the radius € such that, for all (x, 1) within the ball B(-), the CTC law
Ucrc(x, 1) satisfies the input constraint (3.2.5), i.e., werc(, 1) € U, Y(x, 1) € B(ge, €) due to
the continuity of ucrc(®, ) around (x., ). Then, the problem turns out to estimate how small
the radius e should be such that the set B(g.,¢) as in (3.2.15) is input constraint admissible.
The problem is illustrated by the following example.

Example 3.2.2. Let us consider again Example 3.2.1 on stabilizing the inverted pendulum sys-
tem (3.2.13) around q. = 0. The corresponding CTC law werc(q, p) as in (3.2.14) depends only
on the controlled angle q and the virtual input . Therefore, the ball B from (3.2.15) is rewritten
as follows:

B(e) = {(¢,n) e RxXR| ¢* + pi* SsQ}. (3.2.16)
We will then illustrate in Figure 3.2.2a the results of the following optimization problem:
H;%X|uCTC(Q7 )] (3.2.17)
subject to ¢* + p* < &2,

with werc(q, 1) from (3.2.14) and the radius € used as the main variable of the problem. It shows
that the mazimum value of the torque magnitude |wore(q, )| for all (q, ) € B(e) is increasing
when enlarging the set B(e). The case of e = 0.5 (as marked by red circles) is detailed in Figure
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3.2.2b which shows the intersection between the mapping werc(q, 1) and the vertical cylinder with
its radius € = 0.5.

1.2
/G < ucTc(qhu)
5 1 : — Uere(q, ), ¢+ pF = €7
— P =2
v 05
= 0.8) 1 =
= = 0
> :
= Vo g s
= (0.5, 0.47) = 1
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S ~15
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(b) The mapping wcrc(q, 1) and the region limited
by (g, p) € B(e) with e = 0.5.

(a) The maximum values of the torque magnitude
obtained inside the ball B(e) with respect to dif-
ferent values of ¢.

Figure 3.2.2: Analysis of the relation between max |ucrc(q, it)|,V(g, 1) € B(e) and e.

Through Example 3.2.2, we notice that the “small enough” value of € such that the CTC
law were (@, 1) from (3.2.6) satisfies the input constraint (3.2.5) can be obtained by solving the
optimization problem (3.2.17). However, it does require the global optimal solution of (3.2.17)
which even contains the generally nonlinear and multi-variable function were(x, ). These ob-
stacles usually prevents us from obtaining the required value of €. Therefore, in the following,
we provide another method for estimating the radius € based on the Taylor’s approximation
of wcre(x, ) [Nguyen et al., 2019a]. We first derive an upper bound for werc(x, 1), then, we
introduce a condition on ¢ in order to validate the input constraint (3.2.5) limited by the bound.

We start by addressing the Taylor’s approximation [Folland, 1990] of wcre(x, 1) from (3.2.6)
for all (x, 1) € B(ge,¢) as in (3.2.15):

ou ou
UCTC<$,M):uCTC(we,MB)+ﬁ ) (x—x)+ 8(:;0 - (—pie)+R(x, 11, Ge, €), (3.2.18)
\ U= He, \ MU= He
*J(ge) #J(ge)

in which, the Jacobian matrix #.J(q.) is explicitly given by #J(q.) = M (q.) with M (-) the inertia
matrix from (3.2.1) and ¢, the desired output from (3.2.4). The remainder vector R € R" is
bounded from Taylor’s inequality [Folland, 1990] as follows?:

[R(2, 1, ges €)] < —;

M(ge, €)

(e — el + 1 — el (3.2.19)

2In (3.2.19), |R(z, i, ge, €)| is a vector in R™ containing the norms of all the elements of R(z, i, ge, €).
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with M(ge,e) € R™ gathering m elements denoted by M;(-) € RT with i € {1,...,m}. Each
element M;(-) is defined as:

Mi(%ag) = max |H('UICTC,1‘(3'37N))|7 (3.2.20)

(z,1)€B(gee)

where werei(+) is the i element of the vector function werc(+) from (3.2.6). H(-) is the Hessian
matrix of a scalar-valued function containing all of its second-order partial derivatives [Meyer,
2000]. Furthermore, by introducing (3.2.19) and the Cauchy-Schwarz inequality [Meyer, 2000]
to each element worei(+) from (3.2.18) (i € {1,...,m}), it is straightforward to obtain:

Mi Qe €
ercae. ) — el < Cla VT~ P+ T ol + 0 (a2 )
(3.2.21)
in which Cj(¢g.) € R* (i € {1,...,m}) is defined as:
Cua) = VT + T P (3229

with ®J;(g.) and #J;(g.) the i rows of the Jacobian matrices ®.J and #J in (3.2.18), respectively.
Then, since we are considering the region defined by ||z — ®.||* + || — pel|* < €2, (3.2.21) leads

to: M ( )
i\le, €
5 15

[Ucre,i — Ue,| < (Ci(qe) + ) Ve — a2 + |1 — pel? (3.2.23)

Then, let define e, € R™ as the largest possible value of ¢ satisfying:

Emax = Max e,

3.2.24
MSQ S umaX’ ( )

subject to C(q.)e +
in which C(-) £ [C1(-), ...,Cn()]" with C;(+) from (3.2.22) and Umax € RT gathers all the
user-defined maximum input values along each input axis. More precisely, wy,ax 1S chosen such
that:

U = {u € R"| = Upax + Ue < U < Upay +uc} CU, (3.2.25)

with ¢ the input constraint set from (3.2.5) and U* the alternative input constraint set composed
of all saturation constraints. Then, by introducing (3.2.24) to (3.2.23), we have that:

Uore(T, 1) € U™, Y(x, 1) € B(ge,€), Ve < Emax, (3.2.26)

with U* C U from (3.2.25), B(ge, €) from (3.2.15) and ey the largest possible value of ¢ as in
(3.2.24).

Furthermore, by summing the inequalities (3.2.23), we obtain the Lipschitz bound of the CTC
law were (@, 1) defined (3.2.6) within the set B(q., €):

ltere = el < Lero (Il — el + i — pell?) (3:2.27)

with the Lipschitz constant Lo taken as follows:

2

Mlgere), : (3.2.28)

Lore(es €) = HC(qe) +

with C(g.) as in (3.2.22) and M(qg.,¢) as in (3.2.20).
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Remark 3.2.3. In the literature, e,y is usually assumed to be known [Kohler et al., 2018] since
the numerical result of €,,,x can be obtained by progressively increasing an arbitrary small value
e € R while guaranteeing that werc(x, 1) € U, for all (x, u) € B(ge, ) as in (3.2.26). However,
the method requires heavier computation effort than validating condition (3.2.24) and it does
not provide the useful quadratic bound of the controller ucrc as in (3.2.27).

Futhermore, the Lipschitz constant Lore(ge,€) as in (3.2.28) can be numerically obtained by
solving:

log Lere = max {210g [ucrc(@, 1) — |l = log ([|& = @ |* + lln = pel”) }. (3.2.29)
subject to (x, u) € B(ge, ),

with uere as in (3.2.27) and B(q.,¢) as in (3.2.30). However, this numerical approach requires
much computation time for solving the nonlinear optimization problem (3.2.29) while it is not
the case for the analytical formulation of Lere(ge, €) as given in (3.2.28). O

In this section, we have shown the method to obtain the input constraint admissible set and
the Lipstchiz bound of the CTC law werc(, ) defined in (3.2.6). The method is constructed
based on the Taylor’s approximation of the CTC law and the bound on the remainder term
which can be generalized for various nonlinear controllers. The next section will employ the
presented results in order to construct a constraint admissible and positive invarian set under
the CTC law.

3.2.3 Construction of invariant set associated to the computed-torque
control

In this section, we enforce the a priori obtained input constraint admissible set B(g., <) from
(3.2.15) to become positive invariant. To do so, the control gain matrix K from (3.2.10) needs
to be chosen appropriately. Let us start by introducing p = ug(x) as in (3.2.10) to the set
B(ge,¢) as in (3.2.15) (originally described in terms of @ and p). The resulted input constraint
admissible set, denoted by Bk (qe, €), is given as follows:

Bk (e, €) = {az € R*™

(@ — 2) (Lym + KT K) (2 — ) < 52}, (3.2.30)

with K the control gain matrix as in (3.2.11), I, the identity matrix of size 2m x 2m and
¢ € Ry the radius satisfying ¢ < e,y as in (3.2.26).

Next, we introduce a condition on choosing K as in (3.2.11) such that the input constraint
admissible set Bk (g.,¢) from (3.2.30) becomes positive invariant.

Lemma 3.2.4. Let us consider the matriz K defined in (3.2.11) where the 2m control gains

Ky,....,K,, and Kq,,...,Kg, satisfy the following conditions:

m

(Kp;+1)2 1€ {17 ... ,m}, (3231)
i Kp,

K, <0, K, <0,
4K§i > _Kpi(Kpi + 1>2 - Kp

and the set B (qe,€) from (3.2.30) where the radius € is chosen such that:

<
€ = Emaz (3.2.32)
BK(Qea 5) g Xa

With €may from (3.2.24). Then, the set Bi(qe,€) is constraint admissible and positive invariant
under the CTC controller were(®, pr(x)) with wero(x, 1) from (3.2.6) and pk(x) from (3.2.10).
0
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Proof. At first, choosing the radius € as in (3.2.32) makes Bg(¢e, ) admissible for both input
and state constraints. Then, the invariant property is proved by the Lyapunov function V' =
(x—x.)" (Lo + K" K)(x—x.) as employed for constructing B (q.,¢) in (3.2.30). Without loss
of generality, let us consider the case of ¢, = 0. Then, by using £ [zy,...,72,]" and K as
defined in (3.2.11), we have that:

i=1
Next, from (3.2.9), for i € {1,...,m}, we have that &,, = 2,4, and &y, = K,z + Kg,Ziem
which lead to: .
V=> XTX, (3.2.34)
i=1

with X; = [; 2i4m]" and the matrix T'; € R?*2 given by:

2 .
e {2KdiKpi L'ia (3.2.35)

Pigp  2K4,(KG + Ky, +1)]
with [’ 1o = o1 = K, (2K + K,,, +1) 4+ 1. By introducing the conditions (3.2.31) to (3.2.35),

the matrix T'; is shown to be negative definite, leading to V < 0. Thus, Bk (qe, ) from (3.2.30)
is positive invariant, completing the proof. O

In this section, we have discussed how to construct a constraint admissible and positive
invariant set for a “computed-torque like” system as in (3.2.1). The following section will gather
all the presented items into an algorithm which provides an NMPC scheme for the considered
system.

3.3 NMPC design with stability induced by a computed-
torque controller

Lemma 3.3.1 (NMPC design with stability induced by a local computed-torque control law).
Let us apply the general NMPC setup (3.1.4)-(3.1.7) for stabilizing the system (3.2.2) admitting
the CTC law (3.2.6). Then, the NMPC design will satisfy the four design conditions C1-C4,
gwen in Lemma 3.1.1 by using the ingredients defined as follows:

e the CTC controller worc(x, i (x)) from (3.2.6) and (3.2.10) is used as the local controller
W employed in (3.1.8)—(3.1.10):

uloc(w) = uCTC(m7 MK($))7 (3.3.1)
wn which, := means “to be defined as”.

e the terminal constraint set Xy employed in (3.1.6d) is taken as the constraint admissible
and positive invariant set Br(qe,€) defined in (3.2.30):

Xf = BK(qe,e). (332)
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e the stage and terminal costs are in their standard quadratic forms:

Uz, u) = (x— ) Q(x —x.) + (v —u.)  Rlu — u,), (3.3.3)
F(z) = (x —x.) P(x — =), (3.3.4)

i which, QQ € R™™ is a positive definite matriz and R € R™*™ s a positive semi-definite
matriz, all being symmetric. The matrix P € R*% is obtained as the unique positive
definite matriz solution of the following Lyapunov equation:

AP+ PAg +Q+ R =0, (3.3.5)

with Ay the stable matriz from (3.2.12) and R* € R™™ the positive definite matriz satis-
fying:

R* = max(eig(R))L(I, + K"K), (3.3.6)
with the Lipschitz bound L from (3.2.28) and the control gain matriz K from (3.2.10).

Using these elements ensures the recursive feasibility and asymptotic stability of the (nominal)
closed-loop controlled system. O

Proof. Conditions C1-C3 given in (3.1.8)-(3.1.9) are validated by employing the constraint
admissible and positive invariant set B (g.,¢) as in (3.2.30).
Next, for Condition C4, by introducing the proposed elements (3.3.1)-(3.3.4) to the requirement
(3.1.10), we have that:
OF (x
%f(m, Uoe(x)) = (& — x) (AL P + PAg)( — =), (3.3.7)
Uz, tioe(x)) = (= @) ' Q(a — ) + (Uere(-) — ue)  Rl(ttore() —ue),  (3.3.8)
in which, (3.3.7) is due to the feedback linearization effect of the local CTC controller (3.3.1)
(c.f. the linear system (3.2.12)). Moreover, the input term in (3.3.8) is bounded as follows:
(worc(®, pc(@)) = we) " R(tore(2, pxc(2)) — ue) < max(eig(R))||uere (@, i () — e
(3.3.9)
< max(eig(R))Lero(|® — @|* + [| K (x — x.)[%),
with Lore the Lipschitz constant from (3.2.28), K the control gain matrix from (3.2.11) and R
as in (3.3.3) having all non-negative real eigenvalues. Note that, (3.3.9) is due to the quadratic

bound of the CTC controller as in (3.2.27). Then, introducing (3.3.7)-(3.3.9) to (3.1.10) ulti-
mately leads to:

) e ) + L, ()

(x — @) (AP + PAg + Q + max(eig(R))L(I, + K ' K))(z — .) (3.3.10)
(x — @) (ALP + PAg + Q + R*)(z — ®.) = 0,

<
<

in which, R* is chosen as in (3.3.6) and P satisfied the Lyapunov equation (3.3.5). This validates
Condition C4 given in (3.1.10) of Lemma 3.1.1, hence, completing the proof. O

Hereinafter, we summarize the design procedure of an NMPC scheme presented above.

Procedure 3.3.2 (NMPC design with stability induced by a CTC law). The design procedure
of the NMPC controller defined in (3.1.4)—(3.1.7) employing the CTC controller (3.2.6) as the
local controller for guaranteeing the closed-loop stability is given as follows:
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1. Analyze the CTC law (3.2.6) of the system then calculate C(q.) as in (3.2.22) and formulate
M(qe,€) as in (3.2.20). Then, find the largest possible radius €m,q satisfying (3.2.24).

2. Define the control gains matriz K as in (3.2.11) satisfying (3.2.31).

3. Choose the symmetric matrices Q € R*™*2™ (positive definite) and R € R™ ™ (positive
semi-definite) to formulate the stage cost as in (3.3.3).

4. Estimate the prediction horizon T, based on the computational limits of the platform.

5. Find the radius € satisfying (3.2.32) to obtain the constraint admissible and positive in-
variant set B (ge,€) as in (3.2.30).

6. Define the matriz R* satisfying (3.3.6) with the Lipschitz bound Lorc(ge, €) from (3.2.28),
then, solve the Lyapunov equation (3.3.5) for the terminal weight matriz P.

For a predefined initial state x(, the procedure requires the users to run the NMPC algorithm
once in order to check if the first iteration is feasible. If not, one solution is to progressively
increase the prediction horizon until the optimization problem becomes feasible. However, the
computation time is greatly affected by any increase of the prediction length. Thus, in order
to continue increasing the region of attraction when the prediction horizon T, is already large
(i.e., the computing time reaches the platform limit), one can increase the size of the terminal
constraint set Bx(¢e,€) given in (3.2.30) instead. The parameters which affects most the size of
the set B (ge,€) is the control gain matrix K defined at Step 2 of the procedure. In general,
decreasing the magnitudes of the control gains increase the size of the set Bg(ge, ) and vice
versa. Furthermore, Procedure 3.3.2 can be also applied for tracking control design with only
slight modification. If all the information of the reference trajectory is available, i.e., (¢, ¢, G)
beforehand, then, the radius € as in (3.2.32) (c.f. Step 5 in Procedure 3.3.2) can be found off-line
such that the sets Bx(q,,¢) (i-e., g is varying) defined along the trajectory are all constraint
admissible and positive invariant.

Remark 3.3.3. At Step 2, if the control gains matrix K as in (3.2.11) does not satisfy the second
condition of (3.2.31), the set Bx(qe, Emax) is still input constraint admissible but not positive
invariant. Then, another invariant set can be obtained as follows:

Z(ge,7) = {(x — z.) " P(x — =) < r?}, (3.3.11)

with ¢, = [g. 0]" as in (3.2.4) and P as in (3.3.5). The invariant property of Z(g.,r) from
(3.3.11) is guaranteed by the Lyapunov equation (3.3.5), however, the parameter r € R, needs
to be scaled such that:

Z(qes ) € Bre(ges Emax) and Z(ge,7) C X, (3.3.12)

with B (e, Emax) @s in (3.2.30) being input constraint admissible and X as in (3.1.6) the state
constraint set. Depending on the choice of () and R* as in (3.3.5), the resulted shape of Z(g.,r)
from (3.3.11) is probably different from the set Br(ge,Emax) from (3.2.30), hence, leading to
a challenging tuning procedure. We illustrate the idea in Figure 3.3.1 in which we fix the
equilibrium at zero and the set B (ge, €max) as in (3.2.30) (yellow ellipsoid) is obtained with K =
[—1 —2] and ep,.x = 1, being both state and input constraint admissible (i.e., Bx(ge, €max) € X as
in (3.1.6)). It is much larger than the invariant set Z(g., r) as defined in (3.3.11) (blue ellipsoid)
which is obtained by introducing an arbitrarily chosen () + R* = I, to the Lyapunov equation
(3.3.5) and then, by scaling the radius » down to 0.29 so that the condition Z(g., ) C Bx(¢e, Emax)
(3.3.12) is satisfied. Note that, with the optimal choice of @ + R* = [4 7;7 16] and r = 1, the
set Z(ge,r) as in (3.3.11) will equal the yellow ellipsoid set Bk (ge, €max) in Figure 3.3.1. O
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l:IBK(qe - 07 €max — 1)
mT(q.,r)(M = I,,r = 0.29)
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Figure 3.3.1: Illustration of the set Bg(ge,¢) from (3.2.30) and the invariant set Z(g,r) from
(3.3.11) using r = 0.29, K = [-1 —2] asin (3.2.11) and @ + R* = I, as in (3.3.5).

In the next section, the design procedure is applied on a well-known mechanical system, i.e.,
to stabilize an inverted pendulum on a cart. The resulted NMPC controller is validated through
various simulations and is compared with the quasi-infinite horizon NMPC design approach
[Chen and Allgéwer, 1998].

3.4 Application on stabilizing a cart-pendulum system

In this section, we consider the problem of stabilizing a well-known mechatronics system, an
inverted pendulum robot on a cart [Mazenc and Praly, 1996, Srinivasan et al., 2009]. The
angular dynamics of the system are as in (3.2.1) with ¢ € R, the angle between the vertical line
and the pendulum (as defined in Figure 3.2.1). The terms M (q) and N(q,q) as in (3.2.1) are
given by:

N(q,q) = mg — pg*sinq, (3.4.1)

M (q) = pcosq — ,

L COS q
with m = 0.3235, u = 1.3625 x 1073 and J = 1.5265 x 10~* the physical parameters of the
system, g = 9.81 the gravity and w € R the force applied to the cart (not the torque on the
pendulum as employed in Example 3.2.1). The input constraint is |u| < U, With e, = 0.6
and the state is constrained by |¢| < 0.16, || < 0.3. All the parameters are taken from a real
experimental setup given in [Srinivasan et al., 2009]. The control problem is to stabilize the
pendulum at the upright position, i.e., ¢. = 0 from its initial state fixed at ¢y = 0.15 rad. For
doing this, we employ two NMPC controllers, one following the proposed Procedure 3.3.2 and the
other called quasi-infinite horizon NMPC' (denoted by qMPC hereinafter) detailed in [Chen and
Allgéwer, 1998] in order to analyze and compare the performances. In the following, we briefly
introduce the gNMPC design procedure (we employ the second method presented in [Chen and
Allgéwer, 1998] which provides less conservative results).

3.4.1 Comparison with quasi-infinite horizon NMPC

Let us consider the general system & = f(x, u) and the corresponding state and input constraints
given in (3.1.1)—(3.1.3). The gMPC approach stabilizes the system around its equilibrium point
(e, u.) from (3.2.4) by using a similar design as in (3.1.5)-(3.1.6) but with the closed-loop
stability guaranteed by a local linear controller defined as follows:

Ujoe(T) £ upo(x) = Ky(T — ) + U, (3.4.2)
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with up.(x) the local controller as employed in (3.1.9)—(3.1.10). The control gain matrix K, €
R™*™ is chosen such that the controller u; ((x) from (3.4.2) stabilizes the linear system:

= Ay (x —z.)+ By(u —u.), (3.4.3)

which is obtained by linearizing the system (3.1.1) around the equilibrium point with A, =
(0f)/(0x)(xe, u.) and By = (0f)/(0u)(x., u.). The next step is to define x € Ry such that:

r < —max{Re{eig (A4 + BKq)}}, (3.4.4)

L
—AKq

with Re{eig(Ag,)} giving the real parts of all the eigenvalues of Ag,. Then, the terminal
weighting matrix P, (employed similarly as P in (3.3.4)) is obtained by solving the following
Lyapunov equation:

(Aw, + kL) Py+ Py (A, + &I,) = —Q — K] RE,, (3.4.5)

with @ and R the weighting matrices as employed in (3.3.3). The qMPC design also uses the
terminal weight matrix P, to formulate the terminal constraint set given as follows:

Qo(x.) = {x € R?|(x — x.)" Pyl — x.) < }, (3.4.6)

in which, the parameter o € R, is chosen as the largest possible value such that the followings
hold:

Qu(x) C X, (3.4.7)
u () €U, Vo € Q,(x.), (3.4.8)
(— ) Pylf(z, wq(x)) — Ax, (z — x.)] < k(x — 2)  Py(z — x), VI € Qo(ze),  (3.4.9)

with X, U the state and input constraint sets in (3.1.3), uj 4(x) the linear controller as in (3.4.2),
f(-) the system dynamics as in (3.1.1), Ak, ~ as in (3.4.4) and P, from (3.4.5).

Remark 3.4.1. The quasi-infinite horizon NMPC design proposed in [Chen and Allgdwer, 1998]
makes use of a local linear feedback controller, hence, being capable of dealing with any general
nonlinear system as in (3.1.1). However, employing a linear controller for a nonlinear system is
not always appropriate and obviously restricts the corresponding invariant set €, as in (3.4.6).
The complexity of finding an acceptable value of the “radius” « satisfying (3.4.7)—(3.4.9) is
significant in comparison with the proposed approach, i.e. finding the control gain matrix K
as in (3.2.31) to guarantee the invariant property and scale the radius € as in (3.2.32) for the
invariant set Bx(qe,€) given in (3.5.24) to be constraint admissible. We consider these results
evolutionary and differ from the qMPC approach [Chen and Allgdwer, 1998] as delineated in
Table 3.4.1.

3.4.2 Simulation results

For the designing of the proposed NMPC scheme, we follow Procedure 3.3.2 to establish the
optimization problem (3.1.4)—(3.1.6). In order to compare and analyze the performances of
different controllers, we consider three scenarios with the common goal of stabilizing the inverted
pendulum (3.4.1) where we change the control law as follows:

Scenario 1: The CTC controller uerc(x, Kix) from (3.2.6) with the control gain matrix K
chosen as in (3.2.31) such that the resulted invariant set Xy, = By, (qe, ) (3.5.24) contains the
initial state g, thus, showing its positive invariant property.
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Table 3.4.1: Differences in desing principles between quasi-infinite horizon NMPC and the pro-
posed NMPC scheme.

Ieredients Quasi-infininite horizon NMPC NMPC design using
& [Chen and Allgdwer, 1998] local CTC controller
Conditions C1-C4 Orioi Usage
in Lemma 3.1.1 Hetn &
Local Linear controller (3.4.2) CTC controller
controller U y(x) = Ky(x — ) + 1, Ucre(x, Kx) (3.2.6)
N Obtained from (3.4.5), Obtained from (3.3.5) as
Weighting . . .
. required as prerequisite for final step of the design
matrix P .
further analysis procedure
Input constraint Scaling a predefined Approximating were(x) by
satisfaction ellipsoid region €2, (3.4.6) using Taylor’s theory
State constraint by choosing « satisfying Scaling € (3.2.32)
Invariant set (3.4.7)-(3.4.9) Choosing K (3.2.31)
1) N — el = I = @l | 1) Nere — el < 1o — el
Condition d ) d
C4 (3.1.10) 2) %Hw — .||, is bounded 2) EH:E —z % =
satisfaction by using (3.4.9) |z — me||,24}P+PAK
3) Terminal weighting matrix P, 3) Terminal weighting matrix P
satisfies Lyapunov equation (3.4.5) | satisfies Lyapunov equation (3.3.5)

Scenario 2: The proposed NMPC design (3.1.4)—(3.1.6) with the gain matrix K, chosen as
in (3.2.31), different from K; used in Scenario 1 such that the terminal region X}, = By, (qe, €)
(3.5.24) does not contain the initial state xy. Note that, we keep the same value of the radius
¢ under both Scenarios 1 and 2. The aim is to show the ease to tune the orientation of the
terminal constraint set by changing the gain matrix since scaling ¢ is straightforward.

Scenario 3: The qMPC controller recalled in Section 3.4.1.

All the design parameters concerning the three Scenarios are gathered in Table 3.4.2.

Regarding the prediction model as in (3.1.6a), we employ the Runge-Kutta 4-order discretiza-
tion method to discretize the cart-pendulum dynamics (3.4.1) with a step A = 0.1 seconds. The
NMPC sampling time is also fixed at § = 0.1 seconds making the formulation identical with
a standard discrete MPC setup. The optimization problem (3.1.4) is solved by using solver
IPOPT [Wichter and Biegler, 2006] within Matlab version R2015a. Note that in the presented
figures, the variables concerning Scenario 1 are plotted in blue, for Scenario 2 in red and for
Scenario 3 in green. Furthermore, in the figures labels, we denote our proposed approach by
NMPC and the quasi-infinite horizon NMPC by ¢qMPC.

Figure 3.4.1 illustrates the three terminal regions under three scenarios, Xy, = Bk, (0,¢) (blue
ellipsoid), Xy, = B, (0,¢) (red ellipsoid) with By, (-), Bk, (-) from (3.5.24) and €, from (3.4.6)
(green ellipsoid). We observe that the proposed terminal regions, Xy, and X},, are signifi-
cantly larger than the terminal region €2,. Furthermore, by tuning the gain matrix from
K, = [-0.5 —0.55] to Ky = [-1 — 0.6], the invariant set Bg,(0,e) under Scenario 1 is
easily modified into Bk, (0, ¢) under Scenario 2, both staying within the constraint set X (black
rectangle). These results illustrate the ease of modifying the terminal region of the proposed
NMPC method which is not the case for the qMPC design under Scenario 3. Indeed, it is diffi-
cult to predict the shape of the invariant set €, from (3.4.6) under the linear controller u;, in
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Table 3.4.2: Design parameters for stabilizing the pendulum

Parameters Values
NMPC sampling time § from (3.1.7) 0.1 sec
Model discretization step A from (3.1.12) 0.1 sec
Common Weighting matrices @), R as in (3.1.5) diag{5,1}, 1
parametery Jacobian matrices *.J, #.J as in (3.2.18) [3.1735 0], —0.0349
C as in (3.2.22) 3.1737
M. as in (3.2.20) 1.1882
Radius € = epax as in (3.2.24) 0.1793
Scenario 1 Gain matrix K as in (3.2.31) [—0.5 — 0.55]
Prediction horizon T}, as in (3.1.5) 0.4 sec
Seenario 2 Gain matrix K» as in (3.2.31) [—1 —0.6]
R as in (3.3.0) [21.52 6.46; 6.46 14.63]
Terminal weighting matrix P as in (3.3.5) | [36.63 13.26; 13.26 35.13]
Prediction horizon T}, as in (3.1.5) 0.6 sec
: Gain matrix K, as in (3.4.4) [7.0557 1.2216]
Scenario 3 .
K as in (3.4.4) 3
Terminal weighting matrix P, as in (3.4.5) | [29.90 1.05; 1.05 0.072]
« as in (3.4.7)-(3.4.9) 0.003

(3.4.2) since the matrix P, is obtained as the solution of the Lyapunov equation (3.4.5) and there
is no available information of « until the final design step (3.4.7)—(3.4.9). These observations
again confirm that applying a linear controller for a general system (and, in particular, for the
considered inverted pendulum) restricts the size of the resulted invariant set and furthermore,
causes difficulties in employing it as a terminal constraint set in the NMPC design. By using a
larger terminal region X,, our proposed NMPC controller can be executed with any prediction
horizon larger than 0.2 seconds (we employ T = 0.4 seconds for better performances), while the
gMPC in Scenario 3 does not accept any prediction horizon smaller than 753 = 0.6 seconds as
shown in Table 3.4.2.

The positive invariant property of the set Xy, (as proved in Lemma 3.2.4) is illustrated in Figure
3.4.1 by the dash-dotted blue cyclic trajectory under Scenario 1 resulted from the CTC controller
Ucre(x, K1) (3.2.6) (with the input values given in dashed-dotted blue line in Figure 3.4.2b)
which always lies inside the invariant set X7,.

Regarding the performances of the two NMPC controllers, as observed from Figure 3.4.2a, both
our proposed NMPC scheme under Scenario 2 (red lines) and the qMPC controller under Sce-
nario 3 (green lines) obtain the similar convergence times of 2 seconds. This is mostly due
to the fact that both qMPC and NMPC designs employ the same matrices (), R as shown in
Table 3.4.2. We note that, the performance of the proposed NMPC controller can be enhanced
by choosing more appropriate matrices () and R (e.g., larger values in @)). All the states and
inputs of the three controllers under the three scenarios satisfy the system constraint as shown
in Figures 3.4.1-3.4.2b which are due to the design of the constraint admissible set Xy under
Scenario 1 and the usage of the NMPC controllers under the two other scenarios. Next, Figure
3.4.3 presents the computation times per step for Scenarios 2 and 3. Regarding the proposed
NMPC controller (red line with circle marks), after the first several iterations, the computation
times stabilize around 0.15 seconds, which is significantly less than those corresponding to the
gMPC under Scenario 3 (green line with triangle marks). These differences imply the advantage
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Figure 3.4.1: Terminal regions Xy, Xy, and €1, and state trajectories under different scenarios.
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Figure 3.4.2: States and inputs under different scenarios.

of having the larger terminal region X, (red ellipsoid in Figure 3.4.1), as resulted from applying
the CTC controller uere(x) (3.2.6) within the NMPC scheme when compared to the usage of

the local linear controller u; 4(x) as in (3.4.2) for the qMPC strategy.

-e-Scenario 2: NMPC
Scenario 3: qMPC

Lol o4 [T

T T —o— %~ o o9

8 9 10 11 12 13 14 15 16 17 18 19 20
Steps

Figure 3.4.3: Computing time under the two Scenarios 2 and 3.

By this example on stabilizing the cart-pendulum system, we have illustrated the NMPC
design presented in this Chapter which is particularized for a “computed-torque like” system by
using its available CTC controller. Our proposed construction including: i) the upper bound
of the CTC law through Taylor’s approximation as detailed in Section 3.2.2; ii) the bound of
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the input term as given in (3.2.28); and iii) the invariant set construction by employing the
linear system as presented in Section 3.2.3, can be generalized for any feedback linearization
controller. Hence, using these results, various applications of nonlinear controllers for stabilizing
NMPC schemes can be conducted.

In the following section, we apply the proposed NMPC scheme to design the attitude con-
troller at the low control level for the multicopter system (c.f. Figure 2.3.1). More precisely,
the controller provides the torque for the rotation dynamics (2.1.1) to track the angle set-points
received from the high control level. This significantly increases the complexity of setting up
the controller due to the fact that the terminal constraint set Bx(q.,¢) from (3.5.24) and the
terminal weighting matrix P from (3.3.5) are constructed based on the desired equilibrium point
ge- A similar problem also occurs for the quasi-infinite horizon NMPC design as it is constructed
based on the system linearized around the equilibrium. Therefore, the next section will present
how we reduce the dependence of the controller setup on the desired equilibrium ¢, in order to
overcome the aforementioned difficulties.

3.5 Application on attitude control for a multicopter sys-
tem

This section presents an NMPC attitude controller [Nguyen et al., 2020b] which solves the
control problem presented in Section 2.3.2: to stabilize the rotation dynamics around the desired
equilibrium point defined as:

Ne = Nd; We = 0, 7.=0, (351)

in which the angle reference 7y = ¢4 04 1,]" is defined in (2.3.5) and is supposed to be piece-wise
constant.

For the reader to easily follow, we will briefly recapitulate the rotation dynamics and the required
constraints which are required within the NMPC setup. At first, the rotation dynamics are partly
taken from the full dynamics of the multicopter system (2.1.11):

n=Wu, (3.5.2a)
w=J " (~wx (Jw)+T), (3.5.2b)

with n = [¢ 0 ¢]" € R? gathering the three Euler angles, w = [w, w, w.]" € R? the angle
rate vector, 7 € R? the torque vector® and J = diag{J,, J,, J.} the inertial tensor. The matrix
W =W € R¥3 with W as in (2.1.8) is explicitly given by:

o 1 singtanf cos¢tanf
W =10 cos ¢ —sing | . (3.5.3)
0 sing/cos@ cos¢p/cosd

Furthermore, system (3.5.2) is subject to its state and input constraints as follows:

Xow = {161 101) < maxs (2l i) < s (3:5.4)

Uiew = {IT| < Tmax}, (3.5.5)

3The input constraint (3.5.5) will be enforced by the NMPC controller, hence, leading to no difference between
the desired torque law T4 and the input torque T as being distinguished in (2.3.6).
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with €nax € (0,7/2) the given maximum angle value, wya, € Ry the maximum angle rate and
Tmax € R gathering the maximum values of three torques on three axes as defined in (2.1.12)-
(2.1.13). Note that, the condition (|¢|, |0]) < €max < 7/2 is sufficient to avoid singularities of the
matrix W (3.5.3) which happens at the perpendicular position, i.e., ¢ = 7/2 and # = 7/2. In the
followings, we apply the NMPC design particularized for the “computed-torque like” systems
proposed in Section 3.4 for the rotation dynamics (3.5.2). We give the details about how to
construct the NMPC parameters required in Procedure 3.3.2. This has the scope of reducing
their dependence on the reference 7y received from the high control level in order to decrease
the complexity of the controller.

3.5.1 Parameters design for the NMPC attitude controller

In order to apply the proposed NMPC design with stability induced by a CTC law, we firstly
transform the dynamics (3.5.2) into their “computed-torque like” representation by using the
relation w = W) from (2.1.7):

JWii + JWn 4+ (Wn) x (JWn) =T, (3.5.6)

with J as in (3.5.2) and W € R3*3 depending on 7 as given in (2.1.8) and recapitulated below:

1 0 —sind
Wi(n)= 10 cos¢p singcosf]| . (3.5.7)
0 —sing cos¢cosf

Note that the controlled state is the three angles n = [¢ 6 1]" € R? and the control input is the
torque vector T € R? (instead of the general state ¢ and input u as employed in (3.2.1)). The
CTC law of the dynamics (3.5.6) is given by [Nguyen et al., 2017b, Nguyen et al., 2020b]:

Terc(n,7), tn) = JW iy + JWi + (W) x (JW5), (3.5.8)
with p, € R? the virtual input vector. From (3.5.1), the equilibrium values are:
Ne = Nd, rf]e - 07 Te= 07 My, = 0, (359)

with 7, the desired angles received from the higher control level. Following the design procedure
given in Section 3.4, the first step is to find the maximum radius €.y such that the set B(7e, £max)
from (3.2.15) is input constraint admissible with respect to the constraints |7 oro(n, 1, pty)| <
Tmax as in (3.5.5). To better emphasize the result, the set B(-) from (3.2.15) is re-written
explicitly in terms of the depending variables (1,7, ) as follows:

Blna,2) = { (0., ) € B x RS X R |l = mall® + ]2 + 1l < £2}. (3.5.10)

The Taylor’s approximation of the CTC law T oro (7,7, f1y) (3.5.8) around the equilibrium (3.5.9)
within the ball B(-) is given by (c.f. the general Taylor’s approximation detailed in (3.2.18)):

Tore(0, 0, tty) = Te+ " —1na) + "J(0 =) + 7T 1y = pn,) + R(0,7), pry, ma ), (3.5.11)
with the Jacobian matrices (all in R3*3 space) given by:

87-CTC — 0 :u’f](] — a7-CTC
on ’

(77:17070) 6/177 (nd7070)

njzaTCTc —0, Ny —

— IW (),  (35.12)
M 00
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in which W (n;,) is obtained by introducing n = 174 to (3.5.7). Then, by applying the triangle and
Cauchy-Schwarz inequalities, the CTC law T cro(n, 1, ft,;) from (3.5.11) is bounded by:

1T crc(m, 70, )| < | TW (ma) [l g ||* 4 |R(0, 90, g, M, €)1, (3.5.13)

in which, |JW (ng)| < C with the vector C' € R? given by:

.
— [TVt sit e Ty | (3.5.14)

with €yax the maximum angle value as in (3.5.4). Furthermore, the remainder term R(n, 1, f4), N4, €)
is bounded as in (3.2.19), however, this approach requires to solve (3.2.20) for M(n,) at each
step. Therefore, in the following, we introduce an alternative way to calculate the constant term
M € R? which becomes independent from the desired reference angle 7,.

Proposition 3.5.1 ( [Nguyen et al., 2020b]). The remainder term R(n,n, fiy, N4, €) of the Tay-
lor’s approzimation of the CTC law T cre(n, 1, iy) as in (3.5.11) is bounded as follows®:

: M :
[R(1,90, pin; mas €)| < —- (||77 nall + 1l + [le?) (3.5.15)

with the vector M € R? given as follows:
Jo + 2|, — Jy]

M = [2J, 4+ 2¢/1 +sin® €0 L. — Jo| | (3.5.16)
2.J, + 2/ 1 4 sin? €aq| Jo — Jy

With €mqy the mazimum angle value in (3.5.4) and (Jy, Jy, J,) the moments of inertia along the
three azes of the multicopter system as in (3.5.6).

Proof. The proof is constructed by exploiting the explicit formulation of the remainder term
R. £ [R.1 R. R.3]" derived from (3.5.11):

Rey=—J, ((s@—s@d)/w +e’¢c9) + (.= J)Bco+vsoch)(—0sod+coch), (3.517)

R.»=J, (<c¢—c¢d)ue+ (s —sdgcla)iy _¢93¢+¢<9c¢69_98¢89>)

+ (Jp — J.) ( —89¢> <—S¢9+c¢c€¢>, (3.5.18)
Ry =J. (50— sdauo + (600 — cogebahuy — ded— ddsoct — dcoso)
+ (Jy = o) (P —s00)(cpb +spchy), (3.5.19)

with s(-) and c(-) representing the sin(-) and cos(-) functions, respectively. As detailed in Ap-
pendix B, from (3.5.17)—(3.5.19), we have that:

J, L
[Real < 55 (0= 007 + 13 + 62+ ) + 1. = |0 + 97
Sy )
< (F 42— 0) (=l + 1l + ). (3.5.20
J,

‘Rs,Z, < Ey ( (¢ - ¢d)2 + (9 - 9d>2 + ,Ug + 2Nz2p + H77H2) + ‘Jz - Jx| V' 1+ 8% €max H77”2>
< (Jo+ 1 = TV T ) (I = nal® + 111 + gl (3.5.21)

4Note that, |x| = [|z1| |v2| ... |za|]" for all z £ [x1 z5...25]" € R™

A\
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|Resl < 57 (200 = da)* + (0 — 02) + g + 20, + [1l1°) + Ty — Jo[v/1 + 52 €max [I9]]%,

< (Ve + 1o = TV T+ 6an ) (I =l + 1911 + gl (3.5.22)

with €pa, the maximum angle value as constrained in (3.5.4). Then, by re-formulating (3.5.20)—
(3.5.22) into (3.5.15), the vector M is obtained as given in (3.5.16). O

L
2

N

Therefore, by introducing (3.5.15) to (3.5.13), the maximum radius €, which ensures that
the set B(14, €max) as in (3.2.16) is input constraint admissible is calculated by finding the largest
possible €.« > 0 such that:

Comm+ 2 <r (3.5.23)

2 max —

with C as in (3.5.14), M given in (3.5.16) and T .y the maximum torque values as in (3.5.5).
The next step is to choose the control gain matrix K € R3*% as in (3.2.11) satisfying the
conditions (3.2.31) in order to construct the positive invariant set By (74, €) similarly to (3.2.30)
and which is explicitly given by:

:
Biclne) = {0 € B B Iy = malP 4 il? + |7 1] i ] < 2 sy

Then, at each time step, the radius € needs to be scaled corresponding to the desired angles 7y
received from the high control level such that the conditions (3.2.32) are satisfied in order to
make the set B in (3.5.24) constraint admissible. However, the second requirement of (3.2.32),
i.e., Bx(na,e) C X (the state constraint set Xyor = {(|¢|, 10]) < €max, (Jwal,|wy]) < wmax}

as in (3.5.4)) brings difficulties due to the nonlinear relation w = W from (2.1.7). Therefore,
in the following, we propose an alternative condition on 7 which ensures the satisfaction of
(|wsl, lwy|) < Wmax from (3.5.4).

Proposition 3.5.2 ( [Nguyen et al., 2020b]). The state conditions on angular velocities: (|wy|, |w,|) <

Wimaz 05 in (3.5.4) are satisfied if the following holds:

“mas (3.5.25)

7]l < ,
V1 + sin? €00

With €4, the mazimum angle value from (3.5.4).

Proof. From w = W1 given in (2.1.7), we have that:

Wy = ¢ — Ysinb, (3.5.26)
wy = B cos ¢ + 1 sin ¢ cos 6. (3.5.27)

Next, applying Cauchy-Schwarz inequality to (3.5.26)—(3.5.27) leads to:

lw,| < \/(1 +5in% 0) (2 + 12) < V1 + sin® emax 7], (3.5.28)

|wy | < \/(0032 ¢ + sin® ¢ cos? 0) (02 + 2) < ||n]l, (3.5.29)

in which, the second inequality of (3.5.28) is due to |0| < €yax as constrained in (3.5.4) and to
the fact that sin is monotonously increasing on the interval [0,7/2]. Next, (3.5.29) comes by
using cos? ¢ + sin® ¢ cos? § < cos® ¢ + sin? ¢ = 1. Therefore, introducing the proposed condition
(3.5.25) to (3.5.28)-(3.5.29) ultimately leads to (|wy|, |wy|) < Wmax- O
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Next, we propose a method to efficiently choose the radius € such that the requirements in
(3.2.32) are satisfied.

Proposition 3.5.3 ( [Nguyen et al., 2020b]). The invariant set By (nq,e) given in (3.5.24) is
admissible for both the input and state constraints given in (3.5.4)—~(3.5.5) for any control gain
matriz K satisfying (3.2.31) if the radius € is chosen such that:

e < min {&mz, €maz — Mmax{|dal, |04l }, W }, (3.5.30)
1+ sin?€,,,,
With €mae the mazimum radius as in (3.5.23), €maz, Wmaz the mazimum angle and angular velocity
as in (3.5.4) and ¢4, 04 the desired roll, pitch angles sent from high control level as in (3.5.1).

Proof. At first, € < gyax is as required in (3.2.32) for ensuring the input constraint admissible
property. Next, introducing € < €p,.x — max{¢q, 0;} to the formulation of B (14, ) as in (3.5.24)
leads to:

117 = 71all < €max — max{|eal, |0al}, (3.5.31)
which further provides:
(|6 = @l |0 — Oa]) < €max — max{[¢al, |0al}. (3.5.32)
This leads to the satisfaction of the angle constraints as required in (3.5.4):
9] < [¢ — Pa| + [¢a] <[ — ¢al + max{|dal,[0al} < €max, (3.5.33)
0] < 10— 04| +|04] <10 — 04| + max{|ddl, 04|} < €max- (3.5.34)

Next, constraining ¢ < wiayx/V/ 1 + sin? €pay is to obtain the condition ||7]| < wmax/V/ 1 + Sin? €pax

as in (3.5.25), hence, Proposition 3.5.2 provides (Jw,|, |wy|) < Wmax as required in (3.5.4), com-
pleting the proof. ]

By Proposition 3.5.3, we achieve the construction of the constraint admissible and positive
invariant set Bg(14,€) given in (3.5.24) as required for designing the NMPC controller. Next,
we provide the details on how to choose the terminal weighting matrix P as employed in (3.3.4).
The general approach is to solve the Lyapunov equation (3.3.5), however, the Lipschitz bound L
(more precisely, Lere from (3.2.28) since the CTC law is used as the local controller) is dependent
of the desired angle 1, and the radius € as detailed in (3.2.28). Then, the symmetric matrix
R* as in (3.3.6) satisfying R* = max(eig(R))Lcre(I, + KT K) is re-computed at each time step
which increases complexity when solving on-line the NMPC controller. Thus, we further detail
how to choose the matrix R* only one time but ensuring the condition (3.3.6) for all the desired
angle 1y and the radius ¢ (which are expected to change at each time step).

Proposition 3.5.4 ( [Nguyen et al., 2020b)). Let us consider the Lipschitz bound Lcoreo(ng, €) as
defined in (3.2.28). For all the desired angles 14| < €max as in (3.5.4) and the radius € < €m0y
as in (3.2.32), we have that:

I—CTC(ndag) < LCTc,mam (3-5~35)
mn which, Loreme 15 given by:
M 2
LCTC’,thw = HC + 76777,0,33 9 (3536)

with the vectors C' given in (3.5.14) and M defined in (3.5.16). If the symmetric matriz R*
employed in (3.3.5) is chosen such that:

R* = max(eig(R))Loroma(In + KT K), (3.5.37)

with R the weighting matriz as in (3.3.3), K the control gain matriz as in (3.2.11), then, con-
dition (3.3.6) is satisfied for all the simulation steps.
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Proof. The proof is straightforward to obtain due to the positiveness of all the elements of the
vectors C' as in (3.5.14) and M as in (3.5.16). Therefore, € < ey leads to (3.5.35). Then, by
introducing (3.5.35) to (3.5.37), we obtain:

R* = max(eig(R))Lercme (In + KT K) = max(eig(R))Lere (g, €) (I, + KT K), (3.5.38)

which validates the requirement (3.3.6), hence, completing the proof. O

Remark 3.5.5. Employing Loremas @8 in (3.5.37) does not affect the terminal constraint set (i.e.,
the set B (ng,€) given in (3.5.24)) but only the terminal weighting matrix P obtained from
(3.3.5). This will not increase the conservativeness of the NMPC results since the matrix R*
can be freely chosen with the only requirement being the satisfaction of (3.3.6) at each NMPC
steps. Therefore, by using R* as defined in (3.5.37), we can avoid changing R* and hence, are
able to keep the same value of the terminal weighting matrix P obtained from (3.3.5) during the
simulation time. This reduces the complexity of the on-line process and also the computation
time per step.

3.5.2 Simulation results of the NMPC attitude controller

In this section, we present the implementation process and the simulation results of the NMPC
controller designed for the rotation dynamics (3.5.6) as proposed in Section 3.5. The requirement
is to track the angle references 1, = [¢, 0, ¥,]T given in Figure 2.2.5a which are obtained by
the flatness-based trajectory generation procedure detailed in Section 2.2. In order to make the
reference piece-wise constant, similarly to those obtained from the high control level running
at lower frequency (further details can be found in Section 2.3.2), we apply the zero-order hold
method with the holding time of 0.1 seconds for discretizing the smooth reference 7, (c.f. Figure
2.2.5a), hence, obtaining the roll reference ¢, (plotted in thin red line in Figure 3.5.1b) and also
the pitch reference 6, (plotted in thin green line) while keeping v, = 0. The NMPC controller
is simulated at the sampling time of ) = 0.01 seconds while the prediction horizon is chosen as
T, = 0.05 seconds, thus, having 5 steps. The prediction model (3.1.6a) employed in the NMPC
controller is the Forward Euler discrete model of the rotation dynamics (3.5.6) with discretization
step A = 0.01 seconds while the simulation model (to which the input torques are applied) is
still in the continuous form (i.e., numerically integrated with ode45). The optimization problem
in (3.1.4) is implemented with the Pyomo framework [Hart et al., 2011] and solved by with solver
IPOPT [Wéichter and Biegler, 2006] in Python.

At the off-line preparation stage, we find the largest possible radius ey, as in (3.5.23) which
further allows us to obtain the constant Lipschitz bound Lore, max defined in (3.5.36). Next, we
choose the control gain matrix K as in (3.2.11) with the control gains satisfying the conditions
(3.2.31). The next step is to choose the positive definite weighting matrices @ € R*® and
R € R3*3 define the symmetric matrix R* € R%*6 satisfying (3.5.37) and then, solve the
Lyapunov equation (3.3.5) for the terminal weighting matrix P € R®. All the parameters
related to this off-line preparation process are gathered in Table 3.5.1. Note that the physical
parameters of the rotation dynamics are given in (2.2.47)-(2.2.49) (i.e., J = 107% diag{14, 14,22}
as in (3.5.6), €max = 5° as in (3.5.14), wyax = 0.2 as in (3.5.25) and Ty = [43 43 17]7107% as
in (3.5.23)).

At each on-line simulation step, after taking the angle references 17y = (¢4, 04,%,)" as shown
by thin step lines in Figure 3.5.1b, the controller first chooses the radius € as given in (3.5.30)
(plotted in Figure 3.5.1a) in order to fully obtain the terminal constraint set By (74, <) defined
in (3.5.24). Then, the NMPC controller solves the optimization problem (3.1.4) and provides
the input torques (T4, Ty, Ty) as shown in Figure 3.5.1d. The angle tracking results are shown
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in Figure 3.5.1b in which the simulation angles plotted by thick lines (red for ¢, green for 6 and
blue for 1) closely track their piece-wise constant references given in thin lines with according
colors. The resulting angular velocities are given in Figure 3.5.1c in which we observe a slight
chattering phenomenon (can also be seen from the torques plotted in Figure 3.5.1d). This
chattering problem is caused by the controller’s effort to stabilize the angular velocities and the
torques at their zero equilibrium values as in (3.5.9). By conducting multiple simulations, we
find that this issue is aggravated by increasing the value of the weighting matrix R. Thus, we
have reduced this phenomenon by decreasing the value of R and also the gain of the angular
velocities within the cost function ¢(-) from (3.3.3) as shown in Table 3.5.1 (i.e., 0.1 for w and
0.01 for 7 in comparison with 1 for the angle 7). Also, the issue can be further mitigated by
adding a penalty on the input variation to the cost ¢(-) from (3.3.3) as proposed in [Badgwell and
Qin, 2015]. It also should be clarified that all the states and inputs validates their constraints
given in (3.5.4)—(3.5.5) due to the usage of the NMPC algorithm and the limits are not plotted
in Figures 3.5.1b-3.5.1d to reduce the clutter since they are much larger than the states and
inputs values.

Parameters Value
Prediction horizon T}, as in (3.1.4) 0.05 seconds
NMPC sampling time § as in (3.1.7) 0.01 seconds
Model discretizing step A as in (3.1.12) 0.01 seconds
C as in (3.5.14) [14.05 14 22]T10-°
M as in (3.5.16) 30 44.6 44] 710~
Emas 85 0 (3.5.23) 8.3047
Lere, max @8 in (3.5.36) 1077
K asin (3.2.11) and (3.2.31) [—0.1I; — 0.2I3]
Q and R as in (3.3.3) diag{1,1,1,0.1,0.1,0.1} and 0.01I;
R* as in (3.5.37) ng?’ 131}3] 101
P asin (3.3.5) {3.5535313 25?2153[3}

Table 3.5.1: Parameters prepared off-line of the NMPC controller of the rotation dynamics
(3.5.6).

Beside the tracking results, the computing time per step is also important when discussing
the implementing details for the NMPC controller. In Table 3.5.2, we gather all the information
of the computing time through the whole simulation, i.e., 1500 steps. The average computing
time is 54 milliseconds while the minimum value reaches 30.9 milliseconds. Note that, the
maximum computing time of 93.7 milliseconds as noted in Table 3.5.2 happens at the first
simulation time which usually requires more time than the rest for the solver to set up the
algorithm. For the first 100 steps, the computing time is plotted in red line with circle marks
in Figure 3.5.2 in comparison with the mean value given in solid blue line. We notice that
the computing time is larger than the chosen sampling time ¢ = 0.1 seconds as given in Table
3.5.1, hence, this setup (including both the formulation of the optimization problem (3.1.4) and
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Figure 3.5.1: Simulation result on angle tracking of the proposed NMPC controller.
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Figure 3.5.2: Computing time per step of the first 100 steps under simulation.

the employed hardware) is not ready for a real implementation. However, we are confident that
various speeding-up approaches can be applied in order to mitigate the issue. E.g., [Zanelli et al.,
2018] succeeds in embedding the optimization problem (3.1.4) into a low-power micro controller
by re-formulating the problem into its approximated quadratic formulation and then, solving
it by using a modified interior-point method. Also, different solving methods can be employed

to speed-up the controller such as multiple shooting [Gros et al., 2012] or convex lifting [Gulan
et al., 2017].

Mean | Min | Max | Standard deviation
Value [ms] | 54 |30.9]| 93.7 10

Table 3.5.2: Information on the computing time of the NMPC controller designed for angle
tracking of the rotation dynamics. Solver: IPOPT [Wichter and Biegler, 2006] in Python 3.0.
Simulation steps: 1500.
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3.6 Concluding remarks and open questions

Even though the name “Attitude control through using NMPC with guaranteed stability” in-
dicates as premier contribution the design of an NMPC controller for attitude set-point angle
tracking of the multicopter system, the content of this chapter is larger. It firstly details how to
use the existing computed-torque controller of various robotics/mechanical systems (admitting
Lagrangian dynamics), as the local controller to guarantee the closed-loop stability and feasi-
bility of the corresponding NMPC design. In order to do so, the principles of designing NMPC
with terminal stabilizing constraint given in [Chen and Allgower, 1998, Mayne et al., 2000] are
applied:

e construct an input constraint admissible set of the CTC controller by using Taylor’s ap-
proximation theory and also derive to its Lipschitz bound.

e propose the condition for choosing the control gain matrix such that the aforementioned
input constraint admissible set becomes positive invariant, therefore, avoiding the conser-
vativeness and the difficulties implied by tuning the parameters when using an arbitrary
invariant set (c.f. Figure 3.3.1).

e validate the contributions through a simulation on a cart-pendulum system and through
a comparison with quasi-infinite horizon NMPC [Chen and Allgéwer, 1998].

e apply the proposed design to stabilize the rotation dynamic of the multicopter system
(i.e., the attitude control problem). The novelties lie in the several alternative designs for
elements such as the Lipschitz constant and the radius of the terminal region. We reduce
the dependence of the design on the desired set-points received from the high control
level since they are not known in advance, and hence, cause much complexity for on-line
computation when applying the originally proposed design without any modification.

e validate the NMPC attitude controller under simulation and obtain the average computing
time per step of 54 milliseconds.

Some open questions which should be considered for improving and strengthening the contribu-
tions are given below:

e How to solve the proposed NMPC problem using a low-power microprocessor since the
attitude controller is usually implemented on board? How are the computing time and the
control performance affected by various compromises imposed by the processor architecture
(e.g., solving an approximated optimization problem)?

e The inertial tensor J in (3.5.6) is difficult to obtain. What is the effect of any uncertainties
in .J for the controlled system? Can these be estimated and their effect bounded?



Chapter 4

Position control through NMPC
designs with guaranteed stability

Recently, the multicopter platforms usually have their built-in controllers which control the
rotors to track the four inputs consisting of the thrust level and the three Euler angles [Giernacki
et al., 2017, Nguyen et al., 2018b, Nguyen et al., 2018a]. Therefore, controlling the multicopter
vehicles requires only the maneuvering of their translation dynamics [Nguyen et al., 2018a].
This is already a challenging task as the dynamics are not only strongly nonlinear but also
subject to many operating constraints [Nguyen et al., 2018b, Cao and Lynch, 2016, Lu et al.,
2017, Giernacki et al., 2017]. For these reasons many researchers develop sophisticated feedback
linearization controllers (e.g. the controller up,(-) from (2.4.1)) in order to satisfy the system
constraints [Nguyen et al., 2018b, Cao and Lynch, 2016, Lu et al., 2017].

Model Predictive Control (MPC), as already introduced in the previous chapter, is a popular
candidate for easily handling the constraints [Mayne et al., 2000, Badgwell and Qin, 2015].
With recently advances in microprocessor technology, it becomes possible to implement MPC
algorithms for controlling the UAVs [Gros et al., 2012, Mueller and D’Andrea, 2013, Nguyen
et al., 2017a, Zanelli et al., 2018]. However, most of the works in the literature disregard the
stability problem in the MPC designs due to the extremely nonlinear dynamics of the drones,
thus possibly leading to instability or even to infeasible solutions during execution. Therefore,
in view of these shortcomings and also motivated by the expanding use of drones, we propose
here three different NMPC designs for stabilizing the translational dynamics of the multicopter
vehicles with the corresponding closed-loop stability properties guaranteed by:

e a standard ellipsoid terminal invariant set under the aforementioned FL controller (2.4.1):
the set can be enlarged unlimitedly (but subject to the state constraints that might exist),
covering an arbitrarily chosen compact set containing the initial states and hence, the
NMPC design achieves the semi-global stability property (c.f. Definition 4.2.3);

e a relaxed invariant set under the FL controller: the invariant set is replaced by a pair of
admissible and attractive sets such that the state trajectory is guaranteed to remain inside
the later and to return at predefined periodic time instants into the later. Due to this
relaxation, the terminal region can be obtained as a box. This reduces the complexity of
the NMPC optimization problem while still guarantee the closed-loop stability;

e a “long-enough” prediction horizon: the NMPC design ensures the closed-loop stability
by defining an appropriate prediction horizon length corresponding to a specific domain of
attraction [Griine, 2012, Kohler et al., 2018]. We prove that the existing design principles
given in [Griine, 2012, Kohler et al., 2018] can be satisfied by using the results obtained

82
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from applying the aforementioned FL controller as a feasible initial guess of the NMPC
optimization problem. Henceforth, we propose a thorough analysis on how to optimally
tune the prediction horizon’s length which turns out to be orders of magnitude less than
when employing a linear controller (150 steps versus thousands).

The outline of the chapter is as follows. Firstly, in Section 4.1, we recapitulate the translation
dynamics of the multicopter system and some preliminary results concerning the FL controller
introduced in Section 2.4. Next, Section 4.2 details the two NMPC designs with different terminal
constraint sets: i) an ellipsoid invariant set which guarantees semi-global stability and ii) a
relaxed invariant set described through box-type linear constraints which also ensures closed-
loop stability. Then, Section 4.3 shows that the FL controller further allows us to design an
unconstrained NMPC scheme without using the terminal stabilizing constraints but with its
stability guaranteed by an appropriately-chosen prediction horizon length. All of the proposed
approaches are validated through extensive simulations and comparison with the classic quasi-
infinite horizon NMPC design [Chen and Allgdwer, 1998]. Finally, the experimental validations
of the two NMPC designs with terminal stabilizing constraints over the nano-drone Crazyflie
2.0 platform (c.f. Section 2.5.1) are presented in Section 4.5.

4.1 Preliminary results on the feedback linearization law

Let us briefly recapitulate the translation dynamics p = f, (p,u,?) defined as in (2.3.1) by
re-formulating it as follows:

m - {822 ofigl m i {h(ozﬁX;)} (4.1.1)
el

in which, the input term h(T,n) is defined in (2.3.2), the state vector p € RS gathers the positions
¢ = [z y 2]" and velocities v = [v, v, v.]T along the three axes, the input vector u £ [T ¢ 0]
consists of the thrust and the roll, pitch angles while the yaw angle ¢ € [—7, 7| is an, assumed
known, constant affecting the system (usually considered to be zero as in [Cowling et al., 2007, Lu
et al., 2017] but here we consider an arbitrary value of 1)). Note that, we use the notation A in
(4.1.1) similarly to the use of A in (3.2.9) since they share a similar construction with the only
difference being their dimensions, i.e., A in (3.2.9) is a general case of the one in (4.1.1).

The translation system (4.3.6) is also subject to input constraints partly taken from those of the
multicopter system (2.1.12)—(2.1.13):

(VS Z/{p - {0 S Tk S TmaX7 |¢k| S €max |8kz| S Emax}a (412)

with Thax, €max the maximum thrust and angle from (2.1.12)—(2.1.13). Note that, we only
consider the input u of the system (4.3.6) without distinguishing the actual input and its desired
control law as in (4.3.6) in order to simplify the notations. However, we impose the input
constraint u € U, as in (4.1.2) to the system (4.1.1) then enforce it by using the NMPC strategy,
hence, still respecting the saturation effect as considered in (2.3.3).

Within this chapter, we address the problem of stabilizing the dynamics (4.1.1) at the reference
position &, = [z, 4, 2,]". Since we do not consider any state constraints for the dynamics, it is
without loss of generality to transform the initial problem into once concerned with stabilizing
the dynamics (4.1.1) around the zero equilibrium point:

-

pe =0, u, = [mg 0 O] (4.1.3)
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with m the system mass and g the gravity as in (2.1.9).
The system (4.1.1) admits the feedback linearization (FL) law wg(jte, 1)) as defined in (2.4.1)
which is re-written hereinafter for completeness:

Tow(pe) = m\/uﬁ + py + (1= + 9)?, (4.1.4a)

fg SINY — p, cOs Y

¢FL(H§7 ¢) = arcsin s (4.1.4b)
\/M% +py + (= + 9)?
O (e, 1) = arctan (,ux COSZ—:Z?’ smw> , (4.1.4c)

with g (ptg, ¥0) = [Trow(pte) dro(pie, ) Oun(pie, ¥)] " the FL-based control, pe £ [pe 1, p1.]" the
virtual input vector and ¢ the yaw angle as in (4.1.1). Below is also a recap of several important
remarks on the FL-based control (4.1.1) which have been discussed in Section 2.4:

e By Proposition 2.4.1, under the FL-based control we,(pe, ) from (4.1.4), if p, > —g, then,
the nonlinear dynamics (4.3.6) are linearized into the three decoupled double integrators
(2.4.2). They are gathered into a matrix form as follows:

p = Ap + B, (4.1.5)
Wlth1 A as in (411) and B = [03><3 Ig]T.

e By Proposition 2.4.2, the input constraint admissible set w.r.t. the FL-based control
ey (f1g, ) given in (4.1.4) is as follows:

X, = {l1tal < Uss || < Ty, |1l ST}, (4.1.6)

with (U,,U,,U,) the positive constants defined as in (2.4.5)-(2.4.7). Furthermore, since
we do not consider state constraint for the system (4.1.1), the set X}, also plays the role
of the admissible set.

Next, we show that within the admissible set X%, defined in (4.1.6), the FL law wp (p1e, ¢) as
in (4.1.4) admits a Lipschitz bound (i.e., similar to the case of the computed-torque controller
given in (3.2.27)). This property will be employed to prove the stability of the NMPC designs
introduced in the following sections.

Proposition 4.1.1. For all jie = [py piy j12)" € Xy as in (4.1.6), each element of the FL law
Wpp (e, ) defined in (4.1.4) is bounded as follows:

T (pe) — mgl < ml|pell, (4.1.7)

<|¢FL<ILL§ "p) Ors N&v |> = __Zﬂy Vi € R, (418)

z

with m, the system mass, g, the gravity and 0 < U, < g the positive constant defined as in
(2.4.5). As a result, the value of ||wp (e, V) — || with u. given in (4.1.3) admits the following
Lipschitz bound:

[ (pr, 1) — el < Llpeell?, (4.1.9)

'We keep the same notations: A and B in (4.1.5) of the dynamics (4.1.1) as similar to A and B in (3.2.9) of
the general system (3.1.1) since they provide the same meaning.
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with the Lipschitz constant L given by:

L=m+ (4.1.10)

Proof. Let us start by proving (4.1.7). Considering Ty (i) as in (4.1.4a), we have that:

(Trw(ue) —mg)?* = m? (3 + py + p2) + 2m’g (Nz +g- \/ui +p2 A+ (ps + g)2> . (4111)

Next, if u, + ¢g > 0, we have that:

\/u%+u§+(uz+g)2 > |z + gl = p= + g, (4.1.12)

otherwise, if u, + g < 0, it is straightforward to obtain:

uz+g—\/u§+u§+(uz+g)2 <0. (4.1.13)
Thus, introducing (4.1.12) and (4.1.13) to (4.1.11) leads to:
(Tew(pe) — mg)® < mP(ul + il + 122), (4.1.14)

which is equivalent to (4.1.7).
Next, to prove (4.1.8), using the differential flatness properties given in Proposition 2.2.4, we
have that:

1z +
{|pwr (e, V), |6 (pe, ¥)|) < arctan (ot g) Vi € R, (4.1.15)
Teﬁg)

in which, Y() is defined in (2.2.15) and its tangent is given in (2.2.17). Next, we have that
lp:| < U, due to pe € Xy, as in (4.1.6) and U, < g (2.4.5) which ultimately leads to |u, + g| >
g — U,. Then, introducing this result and arctan(z) < z, Vo > 0 to (4.1.15) results in (4.1.8).
The norm as in (4.1.9) is straightforward to obtain by using (4.1.7)—(4.1.8), hence, completing
the proof. n

Remark 4.1.2. A preliminary version of Proposition 4.1.1 has been published in [Nguyen et al.,
2019b] where the inequality (4.1.7) is given in a more conservative form: [Ty, (pe) — mg| <
3m/||pe||. The new result as in (4.1.7) improves significantly the corresponding NMPC designs
in comparison with the one in [Nguyen et al., 2019b]. O

In the next section, we will employ the presented results for designing two NMPC schemes
with stability guaranteed by two different terminal constraint sets. The sets posses different
properties (invariant and d-invariant) but both are constructed from the FL law (4.1.4).

4.2 NMPC designs with terminal constraint for position
control

In this section, we detail the NMPC design with terminal stabilizing constraints (c.f. the NMPC
scheme in (3.1.4)) for the system (4.1.1). We will make use of two different constructions of the
terminal constraint set: i) a standard ellipsoid invariant set and ii) a relaxed invariant set, called
d-invariant set with o, the sampling time. The latter construction allows the state to escape
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from the set but enforces it to return to the set periodically, hence, being a generalization of
the standard invariant set notion [Doban and Lazar, 2018, Lazar and Spinu, 2015]. Both the
invariant and d-invariant sets are designed under the FL law (4.1.4) in order to benefit from the
simpler linear system (4.1.5) instead of dealing with the original nonlinear dynamics (4.1.1).

In the following, we particularize the general NMPC optimization problem given in (3.1.4) for
the system (4.1.1) for completeness sake. For stabilizing the system (4.1.1) around the zero
equilibrium point (4.1.3), the NMPC controller at time ¢ is designed in the following form:

ur () = argmin{/t pﬁ(ﬁt(s),ﬁt(s))ds—i—F(;‘)t(t—i—Tp))}, (4.2.1)

A ()

subject to:
p: = fo(pPs, ), the dynamics as in (4.1.1), (4.2.2a)
u(s) € Uy, s € [t,t + T, the input constraints as in (4.1.2), (4.2.2b)
p:(t) = p(t), the initial condition, (4.2.2¢)
p:(t +1,) € Xy, the terminal stabilizing constraint, (4.2.2d)

in which, p:(s) and @ (s) stand for the predicted state and input at time s (¢t < s < t+47T),) while
u(+) as in (4.2.1) gives the whole predicted input trajectory along the prediction horizon interval
[t,t + T,], all corresponding to the optimization problem (4.2.1) at time ¢. The stage cost £(-)
and terminal cost F(-) will be defined in their standard quadratic form hereinafter while the
terminal constraint set X; € R used in (4.2.2d) will be taken either as the standard invariant
set or as the d-invariant set in the two next sections, respectively. The NMPC input is taken
from the optimal input profile of (4.2.1) within the first sampling time 4, similar to (3.1.7):

uypc(s) =y (s), Vs € [t,t + 0], (4.2.3)

with @;(-) the optimal input trajectory resulted from (4.2.1).

Even though we will employ two different designs for the terminal constraint set X'y from (4.2.2d),
the two NMPC designs share the same stage and terminal costs defined as follows (useful from
the viewpoint of the subsequent comparisons: only the terminal set construction differs and
hence its influence on the performance can be easily isolated):

(p,w) = I + = w2 (12.4)
F(p) == |Ipl7,

in which, [|p[|3, = p' @p with Q@ € R%* a symmetric positive definite matrix; similar reasoning is
applied for ||u—u.||% and ||p||% with the two matrices R € R* (symmetric positive semi-definite)
and P € R5%6 (symmetric positive definite). The matrices Q, R are defined by the user while the
terminal weighting matrix P in (4.2.5) is obtained by solving the following Lyapunov equation:

AP+ PAg +M =0, (4.2.6)
in which, the elements are given as follows:

e the matrix Ay € R®*® describes the closed-loop behavior of the linear system (4.1.5):

b= (A+ BK)p, (4.2.7)
A
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with the matrix A, B as in (4.1.5) and the gain matrix K € R3¢ given by:

K = [diag{K,,, K,

Py>

K,.} diag{Ka,, Ka,, Ka.}] , (4.2.8)

with all the control gains required to be negative to ensure the stability of (4.2.7). The
linear system (4.2.7) is resulted from using the feedback linearization controller wug, (Kp, 1)
from (4.1.4) as the local controller (denoted by wi.(x) for the general case as in (3.1.9))
within the NMPC design:

Uloc(p) = UFL(vaw) (429)

with upc(p) the local controller particularized for the system (4.1.1), K given in (4.2.8)
and 9 the yaw angle received as the feedback of the system.

e The symmetric matrix M € R%%6 is chosen such that:
M = Q + Lmax(eig(R))K ' K, (4.2.10)

with the Lipschitz bound L from (4.1.10), max(eig(R)) the maximum eigenvalues of the
weighting matrix R from (4.2.1) and the control gain matrix K as in (4.2.8).

The aforementioned calculation process for P as in (4.2.6) may raise questions on why the two
NMPC designs with two different constructions of the terminal constraint sets can be stabilized
by using the same method for finding the terminal weighting matrix P. The explicit answers
will be given in the corresponding sections while in the following, we provide a hint which shows
that using P from (4.2.6) can guarantee condition C4 (3.1.10) of Lemma 3.1.1 in the whole
admissible set Xy, as in (4.1.6), thus, also ensuring (3.1.10) for any subsets of A}, (the terminal
constraints are always required to be an admissible set as in (3.1.8)-(3.1.9)).

Proposition 4.2.1. The requirement (3.1.10) (as required by Lemma 3.1.1) is ensured for all
p € Xy in (4.1.6) by employing the terminal quadratic cost F(p) := ||p||% as in (4.2.5) with
P € RS satisfying (4.2.6) and the local FL controller up.(p) := up (Kp,1) as in (4.2.9).

Proof. The proof is constructed similar to the one of Lemma 3.3.1 but with a slight difference.
Le., since the set Xy, is admissible, we can apply p = f, (p, e, (Kp, ), ¢) = Agp as given in
(4.2.7) for all p € &y,. Then, with the current notations, condition C4 (3.1.10) is re-formulated
as follows:

p AP p+p' PAp+|Ipllg + [lur(Kp, 1) — el <0, (4.2.11)

NV
LHS of (4.2.11)

with A asin (4.2.7), P the terminal weighting matrix from (4.2.6), @, R the weighting matrices
in (4.2.1) and K the control gain matrix in (4.2.8). By introducing the bound of ||ug, (Kp, ¥)—u.||
as in (4.1.9) to the left-hand side of (4.2.11), we have that:

LHS of (4.2.11) < p' (AP + PAx + Q + max(eig(R))LK " K) p (4.2.12)

<
<p' (AgP+PAx+M)p=0,

with the constant L as in (4.1.10), M as in (4.2.10) and P satisfying (4.2.6), hence, completing
the proof. n

Choosing the symmetric matrix M as in (4.2.10) causes difficulties since the matrix lies
in R%*6 space, hence, having 21 tuning variables. Therefore, we will prove that it is possible

to employ a diagonal matrix M with only 6 tuning variables but still satisfying requirement
(4.2.10).
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Proposition 4.2.2. Let us parameterize the positive definite matriz M € RS employed in
(4.2.10) as follows (simultaneously, restricting it to a diagonal form):

M = diag{m, m,, m., m,,,m,,,m,_}, (4.2.13)

then, there always ewist some values of (Mg, My, M, My, My, Myy,) > 0 such that M = Q +
L max(eig(R))K " K, as required in (4.2.10), holds.

Proof. At first, let us define the matrix Q* = Q + L max(eig(R))K " K with the elements defined
in (4.2.10). Then, @* has a symmetrical structure defined as follows:

diag{Q7,,Q1,,Q1.} diag{Q;, , Q3 , Qé‘.z}}
diag{@3,,Q3,,Q3.} diag{Qs,, Q3 ,Q5 }|’

which is due to the symmetry of @ as in (4.2.4) and of the term K"K with K defined in (4.2.8).
Next, in order to examine the positive definiteness of the matrix M — Q*, we introduce an
arbitrary vector p = [z y 2z v, v, v,]" € RS to p" (M — @Q*)p with M, Q* as in (4.2.13)-(4.2.14):

Q* = [ (4.2.14)

p (M —Q")p= Z ((mq — QL)Q2 + (M, — Q;q)vs — 2Q§quq> . (4.2.15)

qe{z,y,z}

Therefore, from (4.2.15), we can obtain p' (M — Q*)p > 0, Vp € R® by constraining the main
coefficients (m, — @7, m,, — @3, ) and the discriminant 4Q§q2 — 4(my — Q7 )(my, — Q3) to be
positive as follows:

mg — @7, >0,
ma, — Q3, > 0, Vg € {r,y,2). (42.16)
(mg — Q7,)(mu, — Q3,) > Q5,2

One possible and simple solution for the inequalities (4.2.16) is to ensure m, — @1, > @3, and
my, — @3, > Q3 , hence, leading to the following conditions on choosing M as in (4.2.13):

{ My > Qi + @, Vg € {z,y, 2} (4.2.17)

my, > Q5 + Q5 ,

This also completes the proof. O]

4.2.1 NMPC design with semi-global stability guarantee

In this section, we address an NMPC design with semi-global stability guarantees for the dy-
namics (4.1.1). The design makes use of a terminal invariant set and follows the NMPC design
principles given in Lemma 3.1.1, hence, it is able to guarantee the recursive feasibility and asymp-
totic stability of the closed-loop controlled system (c.f. Figure 3.1.1). However, the recursive
feasibility implies the feasibility of the controller only after the first successful iteration. The
reason is due to the terminal constraint as given in (3.1.6d) which enforces the final predicted
state to enter the terminal invariant set by the end of the prediction horizon. This obviously
prevents starting from an arbitrary initial state far from the terminal region, hence, causing a
limited domain of attraction.

One trivial solution is to increase the prediction horizon length, but, this obviously results in
a heavier computational burden. Thus, in order to continue increasing the region of attraction



4.2. NMPC designs with terminal constraint for position control 89

when the prediction horizon is already large, we can increase the size of the terminal constraint
set instead. However, due to the complexity of the existing NMPC designs with guaranteed
stability, tuning the set is not always easy. One illustrative example is the quasi-infinite horizon
NMPC design [Chen and Allgéwer, 1998] which has been summarized in Section 3.4.1. Within
the design, the size of the terminal constraint set has to be scaled to ensure not only the ad-
missible properties (3.4.7)—(3.4.8) but also the stability (3.4.9), hence, any modifications on the
tuning parameters results in various re-checks. Furthermore, the design is not initially-state-
oriented, in the sense that, we cannot directly obtain the parameters which allow us to stabilize
the system from a predefined initial state but always have to check for the first iteration. This is
also a common limitation of various existing NMPC designs with guaranteed stability [Cannon
et al., 2003, Magni and Scattolini, 2004, Simon et al., 2013].

Noticing these shortcomings, we propose in this section an NMPC design for the system (4.1.1)
whose terminal constraint set is easy to tune, and furthermore, can be enlarged accordingly
to the initial condition and unlimitedly. Hence, the NMPC controller achieves the semi-global
asymptotic stability (c.f. Definition 4.2.3).

Definition 4.2.3 (Semi-global stabilization [Braslavsky and Middleton, 1996]). A system is
semi-global stabilizable to the considered equilibrium point x. by means of a class F of feedback
control laws, if, for any a priori determined compact set Xy of initial conditions, there exists a
control law in F that makes x. asymptotically stable with a domain of attraction that contains

Xo.

Regarding Definition 4.2.3, we adopt it for designing our NMPC controller with a relaxation:
we undervalue the region of attraction by the terminal constraint set. More precisely, since the
region of attraction increases accordingly to the prediction horizon length and it is impossible
to determine how large the prediction horizon should be for a specific computing system, we,
ultimately, present how to tune the control parameters such that the corresponding terminal
invariant set contains the predefined initial state. However, bear in mind that the set can be
easily modified according to the user’s desire (e.g, slightly reducing the size of the set to improve
the convergence speed).

4.2.1.1 NMPC design with terminal invariant set for position control

The NMPC design makes use of the local FL controller ug, (Kp,t) as defined in (4.1.4) and
(4.2.8). In the following, we provide the most important element of the design - the construction
of the positive invariant set under the FL controller ug, (Kp, ).

Proposition 4.2.4 ( [Nguyen et al., 2019b)). Let us consider the set S(P,r) defined as follows:
S(P,r) = {p € R®| p" P p < min(eig(P))r?}, (4.2.18)

with P € R5%S obtained from (4.2.6) by using a symmetric positive definite matriz M € R6*S
satisfying (4.2.10) (e.g. as in (4.2.13)). The parameter r € Ry is chosen as follows:

r=min{r,,r,, 7.}, (4.2.19)

in which, r, with q € {x,y, 2} is defined as:

ry = (4.2.20)
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with (Uy, Uy, U,) the positive constants as in (2.4.5)~(2.4.7) and (K,,, Kq,) the control gains as in
(4.2.8). Then, the set S(P,r) defined in (4.2.18) is constraint admissible and positive invariant
under the FL controller u,,(Kp,v) from (4.2.9).

Proof. Using a symmetric positive definite M ensures the symmetry and positive definiteness
of the matrix P obtained as the solution of the Lyapunov equation (4.2.6). Therefore, all the
eigenvalues of P are positive scalars which further leads to:

min(eig(P))[|p[l* < [Ipllp < max(eig(P))]pl|*. (4.2.21)
Then, for all p € S(P,r) as defined in (4.2.18), we have that:
min(eig(P))[p| < [lplls < min(eig(P))r?, (12.22)
with r as in (4.2.19). This leads to ||p||* < r? which further implies that:
@+ vg < 7’2, Vg € {z,y, z}, (4.2.23)

with 7, as in (4.2.20).
Next, the virtual input design p = Kp employed in the FL controller ug, (Kp,1)) as in (4.2.9)
with K from (4.2.8) has its explicit formulation along each axis provided by:

tg = Kp,q + Kq,vq, Yq € {z,y, 2}, (4.2.24)

with g = [ue gy, p.]" as defined in (4.1.6). Applying the Cauchy-Schwarz inequality to the
virtual input from (4.2.24) leads to:

|Hq| < \/(Kgq + K§q> (¢? +02). (4.2.25)

Introducing (4.2.23) to (4.2.25) provides:

2

U
|,uq| S \/<Kgq + Kgq) m = Uq7 \V/q € {J],y,Z}, (4226)
Pq q

for all p € S(P,r) defined in (4.2.18), which further provides:
S(P,r) C Xy, (4.2.27)

with Xy, the input constraint admissible set from (4.1.6). Therefore, the set S(P,r) is input
constraint admissible w.r.t. the FL controller ug, (Kp,?) given in (4.2.9). This further implies
that within S(P,r), the controlled system is equivalent to p = Agp as in (4.2.7). Then, the
invariant property of S(P,r) as in (4.2.18) is proved by considering the following Lyapunov
function V = p" P p whose derivative is given by:

V=pPp+p Pp=p' (AxP+PAx)p=—p Mp<O0, (4.2.28)

with P, M the symmetric positive definite matrices satisfying the Lyapunov equation (4.2.6).
Since V' < 0 as in (4.2.28), the set S(P,r) as defined in (4.2.18) is positive invariant, hence,
completing the proof. O

Next, by using the aforementioned invariant set, we will complete the NMPC design given
in (4.2.1)-(4.2.5) (i.e, still lacking of the terminal constraint set Xy as in (4.2.2d)). The stability
proof is also given hereinafter.
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Proposition 4.2.5 ( [Nguyen et al., 2019b]). Let us consider the NMPC design given in (4.2.1)—-
(4.2.5) for stabilizing the system (4.1.1). By using the terminal invariant set S(P,r) as defined
in (4.2.18):

Xp:=S(P,r), (4.2.29)

with P € R%Y the terminal weighting matriz obtained from (4.2.6) and r as in (4.2.19), the
closed-loop controlled system achieves (nominal) asymptotic stability.

Proof. The stability is proven by the satisfaction of the four NMPC design principles given in
Lemma 3.1.1. The first three conditions C1-C3 as in (3.1.8)—(3.1.9) are obviously validated by
using Xy := S(P,r) with the set S(P, ) being both constraint admissible and positive invariant
as detailed in Proposition 4.2.4. The final condition C4 as in (3.1.10) is also satisfied within the
set S(P,r) C Xpr, (as proven in (4.2.27)) by applying Proposition 4.2.1. O

Remark 4.2.6. In [Nguyen et al., 2019b]|, we present Propositions 4.2.4 and 4.2.5 in discrete
domain. The only difference is that the matrix P € R5% employed to construct the invariant
set S(P,r) as in (4.2.18) is obtained from the discrete version of the Lyapunov equation (4.2.6)
while the rest is without any modifications.

Furthermore, the NMPC controller given in Proposition 4.2.5 is fully capable of handling stan-
dard state constraints of the system (4.1.1), e.g.:

peX,, (4.2.30)

with &}, the non-empty set containing the equilibrium point p. as in (4.1.3). Then, the radius
r as in (4.2.19) has to be chosen such that:

r < min{r,,r,, 7.}, (4.2.31)
S(P,r) C &,

with (r,,7,,7,) as defined in (4.2.20) and A&, the state constraint set from (4.2.30). However,
considering the state constraint as in (4.2.30) also impends proving the semi-global stability
property of the design given in Proposition 4.2.5 (as will be detailed hereinafter). The reason is
that the shape of X}, from (4.2.30) is arbitrary (subject to the user demand, physical constraints,
etc.) while the terminal constraint set S(P,r) as in (4.2.18) is an ellipsoid in RS. Thus, it is
impossible to tune S(P,r) such that it covers an arbitrarily predefined point in A&, without
exceeding X}, due to some restricted areas at corners or edges of the undetermined set X}, from
(4.2.30). In any case, we emphasize again that reducing the radius r in (4.2.19) is always feasible
and should be considered according to specific applications. O

4.2.1.2 Unlimited expandability of terminal invariant set

This section proves the semi-global stability property of the proposed NMPC design (4.2.1)-
(4.2.3) using the terminal invariant set S(P,r) as in (4.2.18). We firstly show that the set
S(P,r) can be enlarged covering an arbitrarily chosen initial state py € R, then, the result is
extended for a compact set A containing all the feasible initial states.

Proposition 4.2.7. For any arbitrarily predefined state py € R, there always exist some values
of the control gain matriz K defined as in (4.2.8), and of the matriz M as in (4.2.13) such that,
the corresponding invariant set S(P,r) as in (4.2.18) contains py. Le.:

po € S(P,7) = {p € R®| p" P p < min(eig(P))r?}, (4.2.32)

with P obtained from (4.2.6) and r as in (4.2.19).
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Figure 4.2.1: Illustration in 2D space of the two sets S(P,r) and S'(P,r) as in (4.2.32)—(4.2.33).

In the rest of the section, we concentrate on providing the proof of the aforementioned
proposition. Since it will require many materials (some of them are given as new propositions
and corollaries), we do not limit the content in a proof paragraph and for those who want to
check fast the results, the solutions are given in (4.2.60)—(4.2.61). The insight of the proof is to
consider the set S'(P,r) defined as follows:

S'(P,r) = {p e R ||p|* < %ﬁ}, (4.2.33)

with P, r the same parameters as in (4.2.32) which always admits:
S'(p,r) C S(P,r), (4.2.34)

with S(P,r) as in (4.2.32). This is due to the fact that p" P p < max(eig(P))||p||*> < min(eig(P))r?
for all p € S'(P,r) defined in (4.2.33). We provide an illustration for the relation (4.2.34) in

Figure 4.2.1 in the two-dimensional case where we arbitrarily choose P = [2 1; 1 4] and r = 1.

We can see that the set S'(P,r) (yellow circle with radius ry/min(eig(P))/ max(eig(P)) as in

(4.2.33)) stays within the blue ellipsoid set S(P,r) defined in (4.2.18). Furthermore, the figure

also provides our further direction which is to prove that there always exists the values of K as

in (4.2.8) and M as in (4.2.13) such that an arbitrarily chosen initial state py (illustrated by the

red dot) belongs to the set §’(P,r) from (4.2.34), i.e.:

min(eig(P))

2> 2 4.2.35
max(eig(P))r el ||p0|| ’ ( )

with P and r as employed in (4.2.32). In order to prove that assertion, an explicit formulation
of P (which is obtained by solving the Lyapunov equation (4.2.6)) described in terms of the
tuning parameters: K as in (4.2.8) and M as in (4.2.13) will be useful.

Proposition 4.2.8. Let us consider the Lyapunov equation Aj-P+ PAg+ M = 0 as in (4.2.6)
with the stable matriz Ak as in (4.2.7) and the diagonal matriz M as in (4.2.13). Then, the
matriz solution P of (4.2.6) is explicitly given by:

. diag{le,Ply,Plz} diag{sz,ng,sz}

N diag{sz, ng, sz} diag{sz, ng, P2z} ’ (4236)
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with the positive scalars Py, (i € {1,2,3}, q € {z,y,2}) calculated as follows:

1 /K, 1 K,
P, == ¢ _ —Pa gy, 4.2.37
s = 3 (qu qu) Mg+ 2K, ( )
m, m
P, = 4 Y 4.2.38
0T oK, Ky, 2K, ( )
m,
P = — q 4.2.39
3q 2K, ( )

with (mg, m,,) positive parameters as in (4.2.13) and (K, , Kg,) negative control gains as in
(4.2.8) (q € {=,y,z}). Furthermore, the values of (Py,, Ps,, Ps,) given in (4.2.37)(4.2.39) admit
the following Lyapunov equation:

Ak Py+ PAg, + My =0, (4.2.40)

in which, the elements are defined as follows:

To 1 A, P, Cfmy, 0

AKq o |:qu qu:| ’ Pq o [P3q qu} ) Mq - |: 0 qu:| 9 (4241)

with (Kp,, Kaq,) as in (4.2.8), (P, P, Ps,) as in (4.2.36) and (mg,my,) as in (4.2.13) with
q€{z,y,z}.

Proof. The Lyapunov equation (4.2.6) is actually a full-rank system of linear equations in terms
of P. Le., if we introduce a complete parametrization of P € R%*® (36 variables) to the equation
(4.2.6) with Ak as in (4.2.41) and M as in (4.2.13), then, we obtain 36 linear equations which
definitely provide the solution for P. Furthermore, since M is symmetric, we obtain the sym-
metrical structure of P beforehand, hence, the number of variables is reduced to 21. Explicitly
solving them leads to the results presented in (4.2.36)—(4.2.39).

We will illustrate the aforementioned solving process by applying it to the Lyapunov equation
(4.2.40) which is explicitly given as follows:

0 qu qu qu 0 1 my 0 B 00
|:1 qu:| |:P3q P2q:| |:qu qu:|+ |:0 My, - 0 0|’ (4242)

and then transformed into the full-rank system of linear equations:

0 K, K, 077]P, my
1 Kiy 0 K, | [P, |0
A B b I E (4.2.43)
0 1 1 2K, |P m,

with (mg, m,,) asin (4.2.13), (K,,, Kg,) as in (4.2.8) and (P, P, , Ps,) the variable to be solved
(¢ € {z,y, z}). Due to the symmetry of M,, as defined in (4.2.40), the two middle equations is
in fact equivalent. Then, solving (4.2.43) provides again the solutions given in (4.2.37)—(4.2.39),
hence, completing the proof. O

After obtaining the parametrization of the matrix P as in (4.2.36), we further provide the
formulations of its eigenvalues since they are employed in (4.2.32)—(4.2.33) and directly involved
into the problem (4.2.35).
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Corollary 4.2.9. The eigenvalues of the matriz P € RS as in (4.2.36) consist of all the
eigenvalues of the three matrices P, P,, P, defined in (4.2.41):

eig(P) = { eig(P,), eig(P,), eig(P.)}, (4.2.44)

in which, the eigenvalues of the matriz P, with q € {x,y,z} are given by:

1
cig(P,) = {5 (qu + P, + \/(qu — P2+ 4P32q> } (4.2.45)

with (Py,, Pa,, Ps,) as in (4.2.37)+(4.2.39).

Proof. By defining e € R one eigenvalue and ¢ 2 [(, (,,]" € R? as the corresponding eigenvector
of the matrix P, € R**? from (4.2.41), we have that:

Plz PS” Cm _ Cx
{ng sz {C] - € {g} ' (4.2.46)

Next, let us define a new vector ¢* € RS as follows:
¢ =[¢00¢, 00", (4.2.47)

with ((;, Cy,) two elements of eigenvector ¢ as in (4.2.46). Then, it is straight forward to obtain:

PC = [(Pi,Go+ Pi,G) 00 (PG, + PoGe) 00] (4.2.48)

with P asin (4.2.36). From (4.2.46), we also have P, (. + Ps,(,, = e(, and P3_(,, + P, (; = €(,,,
hence, it leads to P(* = e(*. Therefore, e as in (4.2.46) and (* as in (4.2.47) are one eigenvalue
and the corresponding eigenvector of the matrix P from (4.2.36). Similar reasoning is also applied
for the other eigenvalues of P, and the matrices P,, P, from (4.2.41). The three matrices P,, P,,
P, from (4.2.41) are constructed independently, their eigenvalues are also independent with each
other while the matrix P € R®*® can have only six eigenvalues, hence, the statement (4.2.44) is
validated.

Next, the eigenvalues of the matrix P, (¢ € {z,y, z}) as given in (4.2.45) are straightforward to
obtain by using the explicit formulation of P, as in (4.2.41). This also completes the proof. [

By Proposition 4.2.8 and Corollary 4.2.9, we are now able to parametrize completely the
proposed problem (4.2.35) in terms of the tuning parameters, i.e., the control gain matrix K as
in (4.2.8) and the diagonal matrix M as in (4.2.13). In the following, we will point out a feasible
choice of these parameters such that (4.2.35) holds with an arbitrarily chosen initial state po.
The approach treats the motions along the three axes equally by choosing K from (4.2.8) and
M from (4.2.13) as follows:

K, = K,, = K,. = k, (4.2.49)
Ky, = Ky = Ky, = ka, (4.2.50)

My = My = My = My, = My, = My, = My, (4.2.51)

Yy z

with (k,, ks) € R_ and m; € Ry the new tuning parameters (m; is different from the system
mass m employed in (4.1.4a)). Note that, due to the conditions (4.2.17) on choosing M as in
(4.2.13), m; has to satisfy:

my > max {Q;, + Q5. Q5, + Q3. 1. Va € {.y. 2}, (4.252)
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with (Q7,,Q5,,Q3,) defined in (4.2.14). By using the parametrization defined in (4.2.49)-
(4.2.51), it is straightforward to obtain:

P,=P,=P, (4.2.53)

r— mln{U$,Uy,Uz} (4254)

\/ k24K

with (P, P,, P,) the matrices in R**? defined in (4.2.41) and r as in (4.2.19). By introducing
(4.2.53) to the relation eig(P) = {eig(FPy), eig(P,), eig(P.)} as in (4.2.44), we further achieve:

min(eig(P)) = min(eig(F,)) and max(eig(P)) = max(eig(F,)). (4.2.55)

with P, representing for one among the three equal matrices (P,, P,, P,). Then, by introducing
the explicit formulation of eig(P,) as in (4.2.45) to (4.2.55), we obtain:

o my (ke 1 ky—2\ my [1[/kq 1 k\ 1
p)) =™ (fa Y ey WY L1 e
min(eig(P)) = (k,, Tk ks 2\ a\k TR TR TR (4250

, my (ke 1 ky—2\ my |1 [ k¢ 1 k\ 1
pP)) =12 T2} T (2 e J - 4.9,
max (eig(P)) 1 (k:p + ko + o + 2\ 1\ & " Rk + s + = (4.2.57)

with (k,, kq, m1) the three tuning parameters as in (4.2.49)—(4.2.51). Therefore, by using the
eigenvalues of P as in (4.2.56)—(4.2.57) and the radius r as in (4.2.54), the problem (4.2.35)
turns out into finding only the negative scalars (k,, kq) such that the following holds:

min{U2, U2, U2} ((ky = 1)% + k3 — /(62 + k3 = 1)? + 443 )

(k2 + k2) ((kzp — 12K (R 4 K2 — 1) 4 443

(. J/
-~

r2 min(eig(P))/ max(eig(P))

> ol (4.2.58)

with pg € RY an arbitrarily chosen initial state and (U,,U,,U,) three positive scalars as in
(4.1.6). We will not provide the explicit design law for the control gains (k,,kq) to satisfy
the condition (4.2.58). However, we prove hereinafter the proof for guaranteeing the solution
of (kp, kq) employed in (4.2.58). We will prove that the left-hand-side of (4.2.58) increases to
infinity as long as the control gains (k,, k4) approaches minus zero:

(kp = 1% + k3 = (k2 + K3 = 1)* + 4k3
lim
0 (2 k3) (Up = 12+ K3+ (B2 + K3 — 1)2 + 483
—dk, (K2 + k3) + 8k2 — 4k,

(4.2.59)

= lim 2
o (k2 03) (U — 1+ K3 2+ K3 — 12 + 483

-~

=4

1
9_ —
—4k, (k2 + k2 8k2 — 4k k
:khmo 1 pk(Q P k2 d) +k lmow = khmo ];2) = +OO,
—— —— ——
k5—>—0 ( p * d) k2—>—0 ( p + d) kZ—>—O 1+ /{_(;

=0
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k3 k2 _
k—‘; +# +00 or even if k‘_;l — 400 but slower than —.
» P P
Thus, by (4.2.59), we guarantee the solution of the condition (4.2.10), hence, be able to ensure
the requirement p, € S'(P,r) as in (4.2.35) and also py € S(P,r) as in (4.2.32). As a result,

Proposition 4.2.7 is validated by choosing the tuning parameters as follows:

if

M = m1I6, (4260)
K = kI3 kals] (4.2.61)

with m; the positive scalar satisfying (4.2.52) and (k,, kq) the negative gains satisfying (4.2.58).
This also completes the proof for Proposition 4.2.7.

Corollary 4.2.10 (Extended version of Proposition 4.2.7 for a compact set Xy). For any arbi-
trarily predefined compact set Xy € RS containing all the considered initial states of the system
(4.1.1), there always exist some values of the negative control gains (k,, kq) as in (4.2.61) and
the positive scalar my as in (4.2.60) such that the invariant set S(P,r) as in (4.2.18) contains
Xy, t.e.:

X, C S(P,r), (4.2.62)

with P obtained as in (4.2.36) and r as in (4.2.54).

Proof. Since A, is a compact set, it is possible to obtain a value D which is larger than any
norm of all the elements within the set:

D > |lpoll, Vpo € Xo. (4.2.63)

Note that, D can be taken as a exact maximum value of all the norms (if applicable). Then, by
using the result in (4.2.58), the control gains (k,, kq) can be chosen such that:

min{U?2, U2, U2} ((k;p — 1Pk = (R - 1)+ 4k3)

> D?, (4.2.64)
(k2 + 3) ((hky = 1%+ K3 /(62 + 13 = 1)? + 443

with D as in (4.2.63) and (U,,U,,U,) as in (4.1.6). The gains (k,,kq) as in (4.2.64) and the
matrix M as in (4.2.60) will guarantee py € S(P,r) as in (4.2.32) for all initial states py having
llpoll < D (c.f. Figure 4.2.1). Then, due to the definition of D as in (4.2.63), Corollary 4.2.10 is
validated, completing the proof. O

Example 4.2.11. In this example, we illustrate Corollary 4.2.10 by considering a compact set
Xy € RS containing all the static initial states defined as follows:

Xo = {[& vo] " € R°| & € Py, vy = 0}, (4.2.65)
with the polytope Py € R? defined as follows:

17 131 3] 171 11 [3] [3] [t
P, =Conv [ |1], |1, (2], 2], [t|,]1].|2].]2]]. (4.2.66)
1 (1] (1] (1] 2| 2| |2| |2

which s illustrated as the blue rectangular box in Figure 4.2.2a. Then, the furthest distance D
defined in (4.2.63) (i.e., having largest norm) of all the elements within the set Xy as in (4.2.65)

18 given by:
D =+v32+224+22 =412 (4.2.67)
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min(eig(P))
4 max(eig(P)) <D
12 min(eig(P))
’ "\ max(eiz(P) = 7
N0
-2
—4
4

(a) Tllustratation in 3D space of the set Xy cov-  (b) Radius of S'(P,r) explicitly given in (4.2.64)
ering the set §’(P,r) defined in (4.2.33). w.r.t. different values of (kp, kq) (4.2.49)-(4.2.50).

Figure 4.2.2: Example on designing the terminal invariant set S(P,r) as in (4.2.18) containing
a compact set Xj.

Neat, we will define the control gains (ky, kq) satisfying condition (4.2.64) with D = 4.12 and
min{U,, U,,U.} = 0.7168 as given in Table 2.5.1. We show the values of the radius of the set
S'(P,r) as in (4.2.33) w.r.t. different values of the control gains (ky, kq) in Figure 4.2.2b where
the red part contains all the feasible choices, i.e., the radius is larger than D = 4.12 as required in
(4.2.64). From these feasible choices, we choose the control gains (k,, kqs) = (—0.03, —0.006) and
the corresponding set S'(P,r) defined in (4.2.33) is illustrated in Figure 4.2.2a by the meshed
sphere in 8D space. Note that the sphere is defined by x*+y*+2% < r? min(eig(P))/ max(eig(P)),
hence, obviously being a subset of S'(P,r) as in (4.2.33). Therefore, the real invariant set S(P, q)
defined in (4.2.18) and also the region of attraction of the NMPC' design (4.2.1) using S(P,q)
as its terminal constraint set (c.f. Proposition 4.2.5) surely contains all the compact set Xy as
in (4.2.65). This validates the semi-global stability properties of the proposed NMPC' design.

Procedure 4.2.12 (NMPC design using terminal invariant set with semi-global stability). Here-
inafter, we summarize the design procedure of the NMPC' controller (4.2.1)—(4.2.3) using the ter-
minal invariant terminal set for stabilizing the multicopter’s translation dynamics (4.1.1). The
steps to follow are:

1. Choose the symmetric matrices Q € R*S (positive definite) and R € R**® (positive semi-
definite) to formulate the stage cost as in (4.2.4).

2. Choose the negative control gains matriz (K, Kq,) (q € {x,y,2}) as in (4.2.8) and define
the symmetric matriz M satisfying (4.2.10).

3. Solve the Lyapunov function (4.2.6) for the weighting matriz P which allows to formulate
the terminal cost as in (4.2.5) and the terminal invariant set S(P,r) as in (4.2.79).

4. Choose the prediction horizon T, as in (4.2.1).

Remark 4.2.13. The most important step in Procedure 4.2.12 is at step 2 where the control
gains (K, , Kg,) (¢ € {z,y,2}) and the matrix M are defined. We have shown in Section 4.2.1.2

Pqg>
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that the set S(P,r) as in (4.2.79) can be enlarged unlimitedly in order to cover any compact set
Xy as in (4.2.62) containing all feasible initial states. However, a real efficient implementation
will require only the domain of attraction to cover Xy, hence, we have to balance between
the size of the terminal invariant set S(P,r) (mostly affecting the convergence speed) and the
prediction horizon T, (mostly affecting the computing time). The tuning is particular for a
specific scenario including both the construction of Ay and the computing hardware, and hence,
cannot be explicitly instructed in this thesis. O

4.2.1.3 Simulation validation of NMPC design with terminal invariant set

In this section, we consider the simulation model (4.1.1)—(4.2.2) of a Crazyflie 2.0 nano-quadcopter
platform [Nguyen et al., 2018b] with the parameters given in (2.2.47)—(2.2.49) and recapitulated
hereinafter:

m = 0.028 kg , emax = 10°, Ty = 0.55 N. (4.2.68)

The NMPC sampling time and the discretization step are chosen as the same value of § = 0.1
seconds (as employed in (4.2.3)). We will also employ the quasi-infinite horizon NMPC design
(which makes use of a similar terminal invariant set but under the linear controller (3.4.2)) [Chen
and Allgower, 1998] for comparison. Recalling the quasi-infinite horizon NMPC design procedure
summarized in Section 3.4.1, the control gain matrix K, as in (3.4.2) is chosen as follows:

0 0 mk, 0 0 mkg

. m m
- , g 0 sn() ke —cos() ke 0]y 9 6g)
i k, 0 COS(@Z))gkd COS(@Z))gkd

with (k,, k4) negative control gains (as similar to (4.2.49)-(4.2.50)), m the system mass, g the
gravity and ¢ the yaw angle as in (4.1.1). The goal of choosing K, as in (4.2.69) is to obtain
the simple closed-loop matrix Ag, (defined in (3.4.4)) as follows:

| O3x3 I3
e[ 5] wsm

which is identical to the closed-loop system (4.2.7) under the FL controller (4.1.4).

We fix the initial state at py = [—0.1 0.3 —02 08 0 O]T and the yaw angle at ¢ = 0.
Three scenarios will be considered:

e Scenario 1: Using the proposed NMPC controller with the terminal invariant set S(P;, 1)
such that py & S(Py, 1) with Py, given in Table 4.2.1.

e Scenario 2: Using the proposed NMPC controller with the terminal invariant set S(Py, 15)
such that py € S(Ps,r2) with Py, ry given in Table 4.2.1.

e Scenario 3: Using the quasi-infinite horizon NMPC (¢MPC) controller with the largest-
possible terminal invariant set €2, as in (3.4.6).

The parameters of the proposed NMPC design (4.2.1)—(4.2.3) corresponding to the two first
scenarios are gathered into Table 4.2.1. For Scenario 1, we arbitrarily choose k, = kg = —2
and then increase the prediction horizon up to 7T, = 0.7 seconds while for Scenario 2, the ter-
minal constraint set S(P,79) containing py allows us to employ the shorter prediction horizon
of T, = 0.2 seconds. Next, the parameters of the gqMPC controller are given in Table 4.2.2 in
which the control gains (k,, kq) as in (4.2.69) are chosen to be equal to those under Scenario



4.2. NMPC designs with terminal constraint for position control 99

Parameters Scenario 1 \ Scenario 2
Q, R asin (4.2.4) Is, 0.113
(kp, kq) as in (4.2.49)—(4.2.50) (—2,-2) (—1,-1)
M as in (4.2.13) 21
. [25I, 051 31, I,
P asin (4.2.6) P = [0.5I3 0.75I3] P = |:I3 of,
rin (4.2.19) r1 = 0.2534 ry = 0.5069
T, as in (4.2.1) 0.7 seconds (7 steps) | 0.2 seconds (2 steps)

Table 4.2.1: Parameters of the NMPC controllers with terminal invariant sets under the local
FL controller.

Parameters Values
(kp, kq) as in (4.2.69) (—2,-2)
K as in (3.4.4) 0.9

15.396015 7.178215
7.178215 6.980315

« as in (3.4.6) 2.5 x 1074
T, as in (3.1.5) 1.2 seconds (12 steps)

P, as in (3.4.5)

Table 4.2.2: Parameters of the quasi-infinite horizon NMPC controller.

1 given in Table 4.2.1 for the two resulted linear systems (i.e., (4.2.7) and (4.2.70)) to have
the same convergence speed. We provide the trajectories of (y,v,) and (z,v,) in comparison
with the three terminal invariant sets in Figure 4.2.3a and the position’s convergence results in
Figure 4.2.3b which are plotted in green, red, blue for Scenarios 1, 2 and 3, respectively. Note
that, since the sets are all in six-dimensional space, we have intentionally constructed them
symmetrically such that the three 2D subspaces, obtained by slicing along (z,v,), (y,v,) and
(z,v,) are coincident with each other (c.f. the parameters given in Tables 4.2.1-4.2.2). Hence,
they will be illustrated by their images on these three 2D spaces. E.g. the set S(P,r) € R®
as in (4.2.79) will be illustrated by the 2D set Py, a? + P, v? + 2P3 v, < min(eig(P))r? since
P, =P, =P, Viec{l,23}.

From Figure 4.2.3a, the semi-global stability property of the proposed NMPC design (c.f. Sec-
tion 4.2.1.2) is proved emperically. It is straighforward to increase the size of the terminal
constraint set from the set S(P;, ) under Scenario 1 (green ellipsoid) to the larger set S( Py, r2)
under Scenario 2 (red ellipsoid) by only increasing the control gains from k, = k4 = —2 to
k, = kg = —1 as shown in Table 4.2.1. In comparison, the tuning procedure of the qMPC
controller is very exceedingly convoluted (c.f. Section 3.4.1), we have to define the control gains
(kp, kq) as in (4.2.69), then, choose k satisfying (3.4.4) without any specific information on the
effect of these parameter [Chen and Allgdwer, 1998]. Furthermore, the next step is to tune the
radius « of the terminal region €, as in (3.4.6) such that the three conditions (3.4.7)-(3.4.9)
are satisfied at once. Bear in mind that (3.4.7)—(3.4.9) are three nonlinear inequalities subject
to the quadratic constraint (3.4.6) and hence, the value of « is hard to obtain. We give in Table
4.2.2 the best solution of a which we can find and the resulted invariant set €2, is illustrated by
the blue ellipsoid in Figure 4.2.3a which can be seen only in the 6x zooming inset. The only
advantage of using this small terminal constraint set is the fastest convergence speed (i.e., 2.6
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seconds) as can be seen from blue lines in Figure 4.2.3b. However, the price to pay manifests
itself in the large input effort as can be seen from Figure 4.2.4a (the blue lines have the largest
amplitudes) and in the high computational burden as can be seen from Figure 4.2.4b (blue line
with the mean value of 77 milliseconds) due to the required prediction horizon of 12 steps (c.f.
Table 4.2.2). We emphasize that the maximum computing time of the qMPC controller reaches
109 millisecond while the predefined NMPC sampling time is 6 = 100 milliseconds, hence, being
infeasible for real implementation.

On the contrary, our proposed method, with its larger terminal invariant sets S(P;,r;) and
S(Py, 1) (c.f. Figure 4.2.3a) provide slower convergence speeds, i.e., 4.4 and 5.2 seconds as
observed from Figure 4.2.3b (plotted in green and red lines for the two scenarios, respectively).
However, the larger terminal invariant sets S(P;, 1) and S(Ps, 72) allow us to reduce the predic-
tion horizon to 7 steps and 2 steps (c.f. Table 4.2.1), hence, significantly reducing the computing
time to average values at 55 and 42 milliseconds, respectively (as plotted in green and red lines
in Figure 4.2.4b). The results strongly confirm the effectiveness of the proposed approach on
using the FL controller (4.1.4) to design the NMPC scheme with guaranteed stability.

=S(Py,r) =S(Peyre)=mQ,

(Y1, vh) = (Y2,vy) 2 (y3, vy,)
(Zl, vzl e (227 'Uzz) < 23, UZ3)

Y1 —Y2-4Y3
Z1-=- 22-©-23

Velocity
o
Position

—0.25

|4 | | | | o
=04 —0.2 0 0.2 0.4 —O“’U :
Position

(a) Trajectories of (y,v,) and (z,v.) and terminal regions

S(Pr.11). S(Pyra) and Q. (b) Convergences of y(t) and z(t).

Figure 4.2.3: State convergences under NMPC controllers using terminal invariant sets.
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Time [s]

Computing time [ms]

Steps

(a) Results of thrust 7" and pitch angle 6. (b) Computing time per step.
Figure 4.2.4: Inputs and computing time of three NMPC controllers using terminal invariant
sets.

In the next section, we will continue with a new NMPC design using a relaxed invariant set
as its terminal region. The construction allows to employ linear box-type terminal constraints,
and hence, to further reduce the complexity of the optimization problem (4.2.1) and also the
computation time.
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4.2.2 NMPC design with relaxed invariant terminal constraint set

We propose in this section the design of the terminal constraint set Xy as in (4.2.2d) of the
NMPC controller (4.2.1)—(4.2.3) which is described through simple box-type linear constraints.
The proposed design makes use of the continuous-time J-invariant set [Doban and Lazar, 2018]
(with ¢ the sampling time of the NMPC controller as in (4.2.3)). The dé-invariant property is a
relaxation of the standard invariant notion which allows the state trajectory to escape from the
set and come back at predefined, periodic, time instants. Note that, the similar notion in discrete
time is called a finite-step invariant set. lL.e., in [Lazar and Spinu, 2015], a chain of polytopic
finite-step invariant sets is used as the sequence of terminal sets for stabilizing an NMPC scheme.
This allowed to reduce the complexity of the optimization problem since one polytopic terminal
set will provide lower complexity than the standard invariant set (e.g., S(P,r) as in (4.2.18))
as also confirmed by the approach of approximating a standard ellipsoidal invariant set by a
polytopic set [Cannon et al., 2003]. To easily illustrate the idea, the terminal constraint set X’y
considered within this section admits the following formulation:

2] < Xo, [oa| <V
Xy =Sz eR% S|yl <X, |v,| <V, : (4.2.71)
2] S X., fua| SV

with X, V, > 0 the position and velocity limits along the three axes, chosen according to the
design procedure presented in the following sections. Hence, we are introducing novel terminal
constraints (as employed in (4.2.2d)) with clear interpretation to the NMPC formulation (4.2.1)—
(4.2.3) for stabilizing system (4.1.1). They require that the terminal predicted position lies
within the 3D rectangular box bounded in each direction by (X, X, X.), respectively, and a
small terminal predicted velocity along the three axes (bounded by (V;,V,,V.), respectively).
In the rest of this section, we will prove that the above formulation guarantees the stability of
the NMPC controller (4.2.1)-(4.2.3) in a fashion similar to the standard ellipsoidal terminal sets
(e.g., S(P,r) as in (4.2.18), or the quasi-infinite horizon NMPC design [Chen and Allgower,
1998] as summarized in Section 3.4.1) but reducing the complexity of the NMPC optimization
problem (i.e., quadratic cost with linear constraints in comparison with quadratic cost with
quadratic inequality constraints when employing the standard ellipsoidal invariant sets).

In the next section, we firstly present the characterization of a d-invariant set and its usage
within the NMPC design (4.2.1)—(4.2.3).

4.2.2.1 J-invariant and safe sets characterization

Definition 4.2.14 (é-invariant set). Consider the general nonlinear system:
= f(x,u). (4.2.72)

with € € R™ and uw € R™ the state and input vectors®.
Given a real positive scalar § and a controller wp.(x) : R" — R™, the compact set R C R”
is called a d-invariant set under wi.(x) if the state trajectory of the system & = f(x, Wipe(x))
admits:

if 3 to > 0 such that x(ty) € R holds, then x(ty + 0) € R. (4.2.73)

2The general system (4.2.72) is defined similarly to (3.1.1) but without explicitly considering the system
constraints as in (3.1.3). Also, the controller uj..(x) is named according to its usage in the NMPC design
principles presented in the following.
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Furthermore, if the following also holds:
x(ty) € R = x(t) € B, Vt > t. (4.2.74)

for the set Br with R C Br C R", then, the set Br s called the safe set associated with the
d-invariant set R.

Remark 4.2.15. Definition 4.2.14 is adapted from [Magni and Scattolini, 2004, Doban and Lazar,
2018, Lazar and Spinu, 2015] in which [Magni and Scattolini, 2004] does not name the set,
[Doban and Lazar, 2018] provides the same definition for the d-invariant set as in (4.2.73)
while [Lazar and Spinu, 2015] similarly defines a finite-step contractive set in discrete time. For
more details, [Doban and Lazar, 2018] uses the d-invariant set for computing Lyapunov functions
for nonlinear continuous-time differential equation via a Massera-type construction and [Lazar
and Spinu, 2015] employs a finite number (undefined by the practitionners but resulted from the
designing procedure) of finite-step contractive sets as a chain of terminal regions in an NMPC
design. Also, [Wildhagen et al., 2019] uses “M-step invariant set” for stabilizing an NMPC with
varying prediction horizon.

In comparison with [Magni and Scattolini, 2004, Lazar and Spinu, 2015], we exploit one polytopic
(in a simple rectangle form) d-invariant set R as the terminal region of a continuous-time NMPC
controller while the associated safe set Bx is required to be constraint admissible and ensures
the existence of a local Lyapunov function within the set. 0

Example on constructing a boz-type d-invariant set and the corresponding safe set for a double
mtegrator system.:
Let us consider an autonomous double integrator system:

5(1 o 0 1 X1
{XQ} n |:—8182 S1 +82:| |:X2:| ’ (4275)

with s; < s < 0, the system’s real pole, defined in order to avoid the oscillator effect on the
state response. Then, the state response of the system (4.2.75) is easily obtained for all ¢ > 0

e o] = D o) o) e

N /

A(s.8)

with s = [s; s5]" and the auxiliary functions \;(s,t), with i € {1,...,4} defined as follows:

S eslt — 3 652t 652t o eslt
)\1(8,t) = ;7 )\2(37t> R
S9 — 51 S9 — 51 (4277)
s1t __ 8ot sot s1t e
N5, 1) = s1859(e”t — e )7 (s, t) = 28T = me
S2 — 81 S2 — 81

Since we are interested in box-type d-invariant set due to their simplicity (different shapes of the
d-invariant set do exist, e.g., ellipsoidal sets in [Magni and Scattolini, 2004] or general polytopic
sets in [Lazar and Spinu, 2015]), we establish the following condition for the system (4.2.76):

B s et | R B

XQ((S) )\3(8,15) )\4(S,t) XQ(O)
with (X7, X3) positive state limits. The problem turns out to be finding s and (X3, X5) such
that the condition (4.2.78) holds and this will be answered hereinafter.

< [leaxl L (42.78)
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Lemma 4.2.16. For a real positive scalar 9, let us consider the set Ps bounding the possible
pole values (s1,s2) of (4.2.76) which is defined as:

Ps = {s = {81] € R?|s; < 89 <0 and Aa(s, ) < L= Aa(s,0)] }, (4.2.79)

S9 1-— )\1(8,5) - —>\3(S,(5)

with N\i(s,t) (1 € {1,...,4}) defined as in (4.2.77). Choosing s € Ps allows us to choose X; >0

and Xo > 0 such that:
)\2(3,5) < Xl < 1-— |)\4(S,5)|

1—Ai(s,6) = Xy = —X3(s,0)

Then, the sets Ry and Br, defined as follows are the d-invariant set and the corresponding safe
set of the double integrator system (4.2.75):

Ry = {X: H e R?
X2
b~ fr[11] 2

in which, X1 = x(X1, X, ,0) and X5 = v(X1, X, s,0) with the two functions x(-),v(-) defined

by the following optimization problems:

(4.2.80)

x1| < Xy, [xo] < Xz} ; (4.2.81)

x| < X1, [xe| < )?2} ; (4.2.82)

x(a,b,s,0) = m[gis{} {aAi(s,t) + bAa(s, 1)}, (4.2.83a)
telo,

v(a,b,s,0) = tm[(e)xiscl {—aXs(s,t) + b|Ay(s,t)|}. (4.2.83b)
€lo,

Proof. The detailed proof is given in Appendix E and only the main idea is sketched here. The
goals of choosing s € Py are twofold: i) we need to ensure the closed-loop stability of the linear
system (4.2.75) by imposing s; < se < 0, ii) the second constraint guarantees the consistency of
(4.2.80), i.e., there always exists a value of X /X, satisfying (4.2.80). Then, by choosing X; > 0
and X, > 0 satisfying (4.2.80), we guarantee the maximum values of |x;(d)| and |x2(0)| obtained
as in (4.2.78) are bounded by X; and X5, respectively, as proved in (E.0.6). Thus, the condition
(4.2.78) holds and the d-invariant property (4.2.73) of the set Ry (4.2.81) is established.
Furthermore, X, as in (4.2.83a) and X, as in (4.2.83b) are the maximum values of |x;(¢)| and
x2(t)| as defined in (4.2.76) for all t € [0,6] and for any initial condition [x;(0) x2(0)]" € R,
(4.2.81). Thus, we have that |x; (¢)| < X; and [xs(t)| < X5 which are equivalent to [x;(t) x(£)]T €
Br, (4.2.82) for all t € [0, 4].

Then, as [x1(§) x2(6)]" € Ry (4.2.81) (obtained from the d-invariant property of the set Ry),
further recursive analysis provides [x,(t) xo(t)]" € Bg, for all t > 0, completing the proof. [

Example 4.2.17. Let us illustrate Lemma 4.2.16 by considering two values of the time step
do = 0.05 seconds and 6 = 0.1 seconds. At first, the sets Ps, and Ps from (4.2.79) are found
numerically and illustrated in Figure 4.2.5a within the range of —40 < s1 < s9 < 0 (small blue
region for Ps, and red region for Ps C Ps,). Note that, the figure clips the two sets Ps, and Ps
which are unbounded. Having unbounded sets means that an infinite choice of poles satisfying
Lemma 4.2.16 is possible. It is worth pointing out that Ps, C Ps (as observed in Figure 4.2.5a).
The reason is that from any pole vector s € Ps,, we can design the associating dp-invariant set
which always satisfies the d-invariant property since & = 20yg. Thus, any feasible pole vector
s € Ps, is also a possible choice for the case of 0 but not vice versa.

As the time step § = 0.1 seconds will be used for controlling the system (4.1.1) later, we will
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construct only the 0.1-invariant set Ry and its associating safe set Bg, as defined in (4.2.81)-
(4.2.82). Firstly, from Figure 4.2.5a, s = [—16 — 0.5]T € Py (red region) is a feasible choice
which provides us with X1 /Xy = 2 satisfying (4.2.80). Then, by arbitrarily choosing X, = 2 and
X, =1, )?1 and )?2 as in (4.2.82) are obtained by solving the optimization problems given in
(4.2.83) with s = —16 and sy = —0.5 as follows:

t sot sot s1t
~ S0t — s1€e et —e
X7 = max {2 + , (4.2.84)
t€[0,0.1] So — S1 S9 — 81
- SlSQ(@Slt _ 682t) 82652t _ Sleslt
Xy = max § —2 + ,
t€[0,0.1] S9 — S1 S9 — 81

which are straightforward to obtain, )?1 = 2.0189 and )N(Q = Xy, = 1. The 0.1-invariant set Ry
(blue rectangle) and its safe set Br, (green rectangle covering wholly the blue one) are illustrated
in Figure 4.2.5b. The yellow polytopic region A(s,0)Ry with A(-) as in (4.2.76) is the image of

0 T I (1\
10 (
0,
%
C,C? —20
30 =Py 1 =P 1 L
0.1 0.05 ‘ ‘DBRXDRX:IA(S, 0) R — (x1,x2)0x(0) ‘
B 2 - 0 : ’
S1 X1
(a) Hlustration of the two sets P o5 (b) The d-invariant set Ry and the safe set Br, (with 6=0.1
and Py 1. . seconds, s = [~16 — 0.5]", X1 =2, X; = 2.0189 and Xy =

Figure 4.2.5: Construction of é-invariant set and safe set for the double integrator system
(4.2.75).

the set R, under the map (4.2.76), i.e., its evolution in one step under the dynamics:
A(s,6)Ry = {x € R%*x = A(s,8)x0, Xo € Ry}, (4.2.85)

which stays within the set R.. This clearly shows the 0.1-invariant property of R,. For more
details, there are also illustrations of eight state trajectories (xq,%o) (red lines) starting from eight
different initial conditions (red circles) at t = 0 within the 0.1-invariant set Ry and ending at
t = 0.1 seconds. There are two trajectories which first go out of R (can be seen from the right
enlarging inset) but all the eight trajectories stay within the safe region Br, and arrive inside
the set Ry after 0.1 seconds. The trajectories are obtained by explicitly solving the linear system
(4.2.75), and then, by plotting the continuous-time solutions with the time step of 0.01 seconds
much smaller than 0.1 seconds. U

4.2.2.2 J-invariant set for the multicopter’s translation system

This section introduces the design of the d-invariant set associated to the FL linearization con-
troller ug,(+) as in (4.2.9). The set is constructed by using the resulted linearized system (4.2.7)
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and hence, the construction makes use of the results (4.2.81)—(4.2.82) corresponding to the dou-
ble integrator system (4.2.75) detailed in the previous section.
At first, let us consider the sampling time § (4.2.3) of the NMPC controller (4.2.1)-(4.2.3) and

choose the pole vector s, € R? such that:*
Sq £ [Slq SQq]T € P57 qec {xayvz}a (4286)

with Ps as in (4.2.79). Next, the control gains (K

e Ka,) as employed in (4.2.8) are defined as
follows:

qu = —Squgq, Kd = Slq + qu. (4287)

q

This allows to define the three pairs of position X, > 0 and velocity V, > 0 such that:
A2(84,0) <& < 1 — [Ad(s4,0)]
1_>‘1<Sq75) _V;] - _/\3(31175) 7

| Ky, | Xq + | Ka, | Vy < U, (4.2.89)

(4.2.88)

with X\;(+), i € {1,...,4} defined in (4.2.77) and U, as in (4.1.6). The parameters (X,, V) are
given by:

)A(:q £ X(Xq7 VZI? Sq» 5)7 ‘7!1 £ V(Xm ‘/;17 Sqs 5)7 (4'2'90)

with x(-), v(-) as in (4.2.83a)-(4.2.83b). Then, the d-invariant set and its corresponding safe set
of the system (4.1.1) are given in the following.

Lemma 4.2.18. Let us define two sets R and Br as follows:

( 3

(|2] < X, oal <V,
R=<peR’ |y <X, |v,| <V, : (4.2.91)
2] £ X, v <V
(2] < Xa, ol < V2
Br={peR’ <X, |o|<V, ¢, (4.2.92)
2] < X5, Jue] SV

\
’

Vs
3

\ W

with Xq,‘/}],)N(q,\N/q as in (4.2.88)—(4.2.89). Then, for the system (4.1.1) controlled by the FL
controller up, (Kp,) as in (4.2.9) with K as in (4.2.87), we have that:

(i) Br is input constraints admissible.
(ii)) R C Bg is 6-invariant w.r.t. the safe set Bgr with § the sampling time as in (4.2.3). O

Proof. By using pe = Kp with pe = g py p12]", the virtual input vector as in (4.1.4) and the
gain matrix K from (4.2.8), we obtain the bounds on the virtual inputs p, (¢ € {z,y, 2}):

gl < | Kp,a| + [ Ka,vq] - (4.2.93)
Next, for all p € B as in (4.2.92), we have that |g| < )N(q, lvg| < ‘7;1) which further leads to:

| < | Ko, | Xy + | Ka, | Vy < U, (4.2.94)

3Notation with subscript g, e.g., s4, stands for three similar notations with subscript z, y, 2, e.g., s, Sy, 8.
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in which the second inequality is due to (K, , Kg4,) satisfying the condition (4.2.89). Then,
Br C Xy, with Ay, the input constraint admissible set as in (4.1.6), hence, (i) is validated.

At the next step, for all p € Bg, with Br the admissible set obtained from (i), the FL controller
up, (Kp, 1) as in (4.2.9) linearizes the dynamics (4.1.1) into the linear stable system (4.2.7). Let
us consider only the dynamics of z, v, partly taken from (4.2.7) as follows:

HEEINE .

which is actually the double integrator system from (4.2.75). Then, with X, V, satisfying the
condition (4.2.88), |z(0)| < X, and |v,(0)| < V, imply that |z(0)] < X,, |v.(0)] < V, and
12(t)] < X,, |va(t)] <V, as proved in Lemma 4.2.16. Similar results are obtained for (y, v,) and
(z,v,). Thus, (ii) is validated, completing the proof. O

Remark 4.2.19. The sizes of the box-type d-invariant set R and the corresponding safe set as
defined in (4.2.91)—(4.2.92) are easy to tune by applying the following procedure:

i) choose the poles s, with ¢ € {z,y, z} as in (4.2.86);
ii) define the ratio X,/V, satistying condition (4.2.88);

iii) tune the values of (X, V;) while maintaining their predefined ratio and checking the con-
straint (4.2.89).

Note that, the larger values of (X, V;) the larger the d-invariant set R (4.2.91) becomes. The
set R can also be enlarged significantly but its limit is still under question (in comparison with
the unlimited expandability of the invariant set S(P,r) as detailed in Proposition 4.2.7). The
difficulties on analyzing this problem are twofold: i) the control gains are limited to the choice of
the poles s, € Py as in (4.2.86) and ii) the implicit relation of (X, V) and (X, V) as in (4.2.90).
These problems are worthy of further consideration. O

4.2.2.3 NMPC design using terminal /-invariant set

This section firstly presents the principles for an NMPC scheme employing a d-invariant termi-
nal constraint set with ¢ the sampling time of the NMPC controller for a general constrained
nonlinear system. The design guarantees the recursive feasibility and asymptotic stability of
the closed-loop controlled system in a manner similar to the design using a standard terminal
invariant set proposed in Lemma 3.1.1. Then, we complete the NMPC design (4.2.1)—(4.2.3) for
the multicopter’s translation system (4.1.1) by using the terminal J-invariant set as in (4.2.91).

Lemma 4.2.20. Let us consider the NMPC setup (3.1.4)-(3.1.7) for stabilizing the general
system (3.1.1) around the desired equilibrium point (x.,u.) as in (3.1.2). Assume that there
exists a local controller wi,.(x) under which, the system (3.1.1), i.e., & = f(x, w(x)) admits a
pair of d-invariant, R, and safe, Br sets as in (4.2.73)-(4.2.74). Then, the recursive feasibility
and asymptotic stability of the closed-loop system controlled by the NMPC' controller (4.2.3) can
be achieved if the following design conditions hold:

C1*: [State constraints satisfied in Bg]. The safe set Br satisfies:
Br C X, x, € BR, (4296)

with X the state constraint set as in (3.1.3) and . the equilibrium point as in (3.1.2).
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C2%*: [Input constraints satisfied in Bgr|. The local controller w;,.(x) respects the input con-
straints within the safe set:

uloc(a:) eEU, Va € BR, (4297)
with U the input constraint set as in (3.1.2).

C3%*: [Terminal d-invariant set]. The d-invariant set R serves as the terminal region Xy as in
(3.1.6d) of the NMPC design.
X =TR. (4.2.98)

C4*: [Local Lyapunov function existence]. Starting from any € R, the trajectory of the system
(3.1.1) under wi,.(x) satisfies:
dF (x)
dt

where F(x) and {(x,wy,.) are the terminal and stage costs from (3.1.5), respectively. O

+ Uz, wipe()) <0, (4.2.99)

Proof. The proof is explicitly given in Appendix F. It is constructed similarly to the one of
Lemma 3.1.1 (i.e., desinging an NMPC with terminal invariant set) as given in [Mayne et al.,
2000] but with the slight difference in the fact that the safe set Bg is required to be constraint
admissible as in (4.2.96)—(4.2.97) while the d-invariant set R is employed as the terminal region
(4.2.98). It is because all the state trajectories starting from the d-invariant set R lie within
the safe set and come back to the set R at the next sampling time. This ensures the recursive
feasibility of the design while the fourth condition C4* (4.2.99) guarantees the asymptotic
stability of the closed-loop system in the same manner as the condition C4 given in (3.1.10). O

Lemma 4.2.20 opens the path on using the d-invariant set as the terminal constraint set for
guaranteeing the stability of an NMPC design. In the following, we will apply the method for
desinging the NMPC controller for the multicopter’s translation system (4.1.1).

Proposition 4.2.21. Let us consider the NMPC design given in (4.2.1)~(4.2.5) for stabilizing
the system (4.1.1). By using the terminal §-invariant set R as defined in (4.2.91) (with ¢ the
NMPC sampling time as in (4.2.3)):

X =R, (4.2.100)

the closed-loop controlled system achieves (nominal) asymptotic stability.

Proof. The proof is constructed by guaranteeing the satisfaction of the four conditions C1*—
C4* as in (4.2.96)-(4.2.99). The three first conditions are obviously validated by using the
d-invariant set R and its corresponding safe set Br as defined in (4.2.91)—(4.2.92). Then, the
fourth condition (4.2.99) is ensured by using the result of Proposition 4.2.1 which points out
that (4.2.99) is validated for all p € Ay, with X, the input constriant admissible set as in (4.1.6)
while any trajectories starting from the d-invariant set R remains within the safe set B as in
(4.2.91)-(4.2.92) and Bgr C Ay, as proved in (4.2.94), hence, completing the proof. O

Procedure 4.2.22 (NMPC design using terminal J-invariant set). The design procedure of the
NMPC controller (4.2.1)—(4.2.3) using the terminal d-invariant terminal set (with § the controller
sampling time) for stabilizing the multicopter’s translation dynamics (4.1.1) is summarized here-
wafter. The steps to follow are:

1. Choose the pole vectors s, € Ps as in (4.2.86) and define the position and velocity limits
(X4, V) satisfying (4.2.88)(4.2.89) (with ¢ € {z,y,2}). Then, establish the terminal J-
invariant set R as in (4.2.91).
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2. Choose the symmetric matrices Q € R®*C (positive definite) and R € R¥*® (positive semi-
definite) to formulate the stage cost as in (4.2.4).

3. Define the symmetric matrizx M satisfying (4.2.10), then, solve the Lyapunov function
(4.2.6) to obtain the weighting matriz P of the terminal cost as in (4.2.5).

4. Choose the prediction horizon T, as in (4.2.1).

Remark 4.2.23. Choosing T, at step 4 of the Procedure 4.2.22 requires to take into account the
computational constraints of the platform (e.g., the processing speed requirement) as well as
to ensure that the first NMPC iteration is successful. Bear in mind that when the prediction
horizon T), is already large, one can increase the size of the d-invariant set R defined (4.2.91)
instead. The solution is similar to the enlarging approach introduced for the invariant set S(P, r)
from (4.2.79) as detailed in Section 4.2.1.2 but using the different tuning method discussed in
Remark 4.2.19. O

4.2.2.4 Simulation validation of NMPC design with j-invariant set

In this section, we present the simulation results for stabilizing the model of a Crazy flie 2.0
nano quadcopter platform characterized by the parameters given in (4.2.68) using the NMPC
design with terminal d-invariant set as detailed in Proposition 4.2.21. The simulation employs
the same parameters as considered in Section 4.2.1.3, i.e., the NMPC sampling time and model
discretization step § = 0.1 seconds, the initial state py = [~0.1 0.3 — 0.2 0 0 0], the weighting
matrices @) = Is and R = 0.1I3 as employed in (4.2.4). Also, we will make comparisons with
the results obtained by using the standard invariant set S(P;,71) (c.f. Figure 4.2.3a and Py, r
detailed in Table 4.2.1) under Scenario 1 as given in Section 4.2.1.3 since they share various
similarities, e.g., simulation scenario, sizes of terminal regions. Further parameters related to
the é-invariant set construction can be found in Table 4.2.3. We provide the illustration of

Parameters Values

(U;,U,,U,) as in (4.2.89)

(0.7168,0.7168, 2.597)

(s1,82) as in (4.2.86)

(—16,-0.5)

(Kp,, Kq,) asin (3.4.4)

Pqg>

(_87 _165)7 \V/q = {JZ,y,Z}

X,/V, as in (4.2.88)

2, Vg e{x,y,z}

(X, Vi) as in (4.2.91)

(0.042, 0.021)

(Xy,V,) as in (4.2.91)

(0.042,0.021)

(X.,V,) as in (4.2.91)

(0.16,0.08)

M as in (4.2.6) 2014 (c.f. Proposition 4.2.2)

26.0795I3 1.25I3
1.25I;  0.68181;

0.8 seconds (8 steps)

P asin (4.2.6)

T, as in (3.1.5)

Table 4.2.3: Parameters of the NMPC deisng using terminal d-invariant set.

the d-invariant set R as defined in (4.2.91) in Figure 4.2.6a in which the set is split into three
2D sets R, = {lq| < X, |vg] < V,} with ¢ € {z,y,2}. It can be observed that the size
of the J-invariant set is comparable to the size of the invariant set S(P;,r;) considered under
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Scenario 1 of Section 4.2.1.3 (green ellipsoid given in Figure 4.2.6a) and hence, the prediction
horizons of the two NMPC controllers are also similar with 8 steps for the d-invariant approach
as given in Table 4.2.3 w.r.t. 7 steps for the invariant set under Scenario 1 as given in Table
4.2.1. The important difference between them is the terminal box-type constraints resulted from
the special construction of the d-invariant set as in (4.2.91) in comparison with the quadratic
inequality as in (4.2.79) of the standard invariant method which leads to a significant decreasing
of the computational burden (average values of 46.5 ms for the d-invariant approach as can be
observed from Figure 4.2.7b w.r.t. 55 ms when using the invariant approach as given in Figure
4.2.4b). Beside that, the convergence speed is also improved. The §-invariant approach enforces
the states to converge within 3.2 seconds as can be seen from Figure 4.2.6 while it was 4.4
seconds when using the invariant set S(P,r;) as being illustrated in Figure 4.2.3. However,
bear in mind that when using a significantly larger invariant set and a clearly shorter prediction
horizon length (e.g., S(P,12) in Figure 4.2.3a and the prediction horizon of 2 steps as considered
under Scenario 2 of Section 4.2.1.3), we can further reduce the computing time down to 42 ms
as shown in Figure 4.2.4b but the convergence speed is not better (i.e. up to 5 seconds, c.f.
Figure 4.2.3). All the numerical results corresponding to the simulated NMPC controllers will
be gathered into Table 4.4.1 for a complete comparison.
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(a) Trajectories of (z,v;), (y,vy), (2,v,) and the Time [s]

terminal d-invariant set R in comparison with the (b) Convergences of z, v, z.
invariant set S(Pp,r;) from Figure 4.2.3.

Figure 4.2.6: State convergences when using NMPC controllers with terminal d-invariant set.
To conclude this contribution on the use of the J-invariant set R (4.2.91) for stabilizing the
NMPC controller (4.2.1)—(4.2.3), we would like to emphasize that using the proposed termi-

nal box-type linear constraints provides many benefits in comparison with using a similar-size
terminal invariant set. These can be enumerated as follows:

1. terminal constraints with clear interpretation as in (4.2.91) (w.r.t. the quadratic inequality
of the standard ellipsoid invariant set (4.2.79)).

2. lower computing time (c.f. Figures 4.2.7b and 4.2.4b).
3. faster convergence speed (c.f. Figures 4.2.6 and 4.2.3).

We strongly prove the effectiveness of exploiting the FL controller (4.1.4) on stabilizing the
NMPC designs (4.2.1)—(4.2.3) by using various terminal constraints which are as diverse in their
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Figure 4.2.7: Inputs and computing time when using NMPC controllers with terminal d-invariant
set.

formulations (e.g. quadratic and box-type linear inequalities) as they are in their sizes. All the
designs show significant improvements when comparing with the classic quasi-infinite horizon
NMPC design using a local linear controller [Chen and Allgéwer, 1998] in the sense that the
design process and the tuning become easier and more efficient while the results including the
convergence and the computing time are significantly better.

In the next section, we show another use of the FL controller (4.1.4), this time for stabilizing the
NMPC design without terminal constraints. The design requires only a “long-enough” prediction
horizon to guarantee its stability. The obtained results are also better than those of the existing
approach using a standard linear controller [Kohler et al., 2018].

4.3 NMPC design without terminal constraint for posi-
tion control

In the literature, it is well-known that the stability of an MPC controller can be achieved by
either adding terminal stabilizing constraints (as presented in Section 4.2) or simply by enlarging
the prediction horizon [Griine, 2012]. However, how large the prediction horizon should be is
always a difficult question as also discussed in Remarks 4.2.13 and 4.2.19. Therefore, in this
section, we address an NMPC design for the multicopter’s translation system (4.1.1) with its
stability induced by using a “long-enough” prediction horizon length corresponding to a specific
domain of attraction. The design, again, exploits the FL controller ug (Kp,?) as in (4.1.4) in
order to benefit from the simple linear dynamics (4.2.7). Especially, since the prediction horizon
becomes the only important element, it will be easy to understand and put the design into
practice if the implementation form is addressed from the beginning. Therefore, we consider the
discrete domain for designing the NMPC scheme within this section. We employ the simplest
NMPC implementation form where the dynamics (4.1.1) are discretized by using the same NMPC
sampling time 0 and the NMPC input is taken as the first step among the resulted optimal
sequence. More precisely, the optimization problem at time step £ is given by:

Vi, (Pr) = gl%f)l JIn, (P, (), (4.3.1)
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subject to
Pe(i +1) = F (pi(i), un(i), ) , (4.3.2a)
ur(i) € Uy, i €{0,...,N, — 1}, (4.3.2b)
Px(0) = P, (4.3.2¢)

with Vi, (p(k)) the optimal value function, (py (i), %x(7)) the predicted state and input at step 4
employed within the problem at step k, F(-) the discrete model of the system (4.1.1) explicitly
defined later, U, the input constraint set as in (4.1.2). Furthermore, p; denotes the state
feedback at time k and 1 represents the yaw angle value assumed to be constant. The cost
function Jy, (p(k), ux(-)) is defined in terms of the stage cost ¢(-) given in (4.2.4), as follows:

Np—1

I, (p(R), Wk (+)) = > C(pk(i), Wk (). (4.3.3)

=0
Then, the NMPC control action and the nominal closed-loop system at time k are given by:

UMPc(pk) = 77/]:(0)7 (4 .

Pk+1 = ‘F(pkauMPC(pk)) = 52(1)7 (435)
with (p;(4), uj(i)) the optimal state and input at the predicted step ¢ which is resulted from the
optimization problem (4.3.1) at the time step k.

The discrete model employed in (4.3.2a) is obtained by discretizing the continuous system (4.1.1)
with the Runge-Kutta fourth-order method [Hager, 2000]:

Pr+1 = F (Pk, U, w> ; (436)

with (pg, ux) the state and input at time step k& and ) the yaw angle assumed to be constant.
The function F(-) is explicitly given by:

I sl 1 52 Ty (cos ¢y, sin O, cos P + sin ¢y, sin )
F (Pr, ur, ¥) = {O ’ T 3} pr+— | 218 Ty (cos ¢y sin Oy sin ¢ — sin gy cosyp) |, (4.3.7)
3x3 3 L B —g + T} cos ¢y cos 0,

in which, the input vector uz 2 [Ty ¢ 0x]" € R® and J is the discretization step which is also
the NMPC sampling time. The discrete system (4.3.6) is linear in the state py since the original
continuous system (4.1.1) already possesses this property.

The stability of system (4.3.5) is well studied and presented in [Griine and Pannek, 2011, Kohler
et al., 2018] and summarized hereinafter.

4.3.1 NMPC design with stability induced by a “long-enough” pre-
diction horizon

Assumption 4.3.1. Regarding the NMPC optimization problem (4.3.1), there exist constants
EL% c) > 0 such that for any N, > 2 and for all the initial state py satisfying ||po — pe||g2 <ec, we
ave:

Vi, (Po) < 7llpo — pelld: (4.3.8)

with Vi, (po) the optimal value function as in (4.3.1) at step 0, p. the desired equilibrium and
Q € R®*C the weighting matriz as in (4.2.4).
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Theorem 4.3.2. Let Assumption 4.53.1 hold. Then, there exists an Ng € N, such that for all
the prediction horizon length N, > Ny, the equilibrium p. is uniformly exponentially stable under
the nominal closed-loop dynamics (4.3.5) for any initial state py satisfying Vi, (po) < . OJ

Proof. See Theorem 1 in [Kohler et al., 2018] and Theorem 3.6 in [Griine, 2012]. At first,
in [Kohler et al., 2018], the authors show that Vi, (px) < ¢y implies that Vi, (px) < 7llpr — pellg
with a case dictinction based on whether [[px — pe||, < ¢ or not [Kohler et al., 2018].

Secondly, whenever Vi, (pr) < 7|[pr —pell3 holds, in [Griine, 2012], the authors show that Vy, (px)
decreases for all N, > Ny with Ny given by (see Variant 3 in [Griine, 2012] for more details):

In(y —1)
Ny =2 .
0 +1n7—1n(7—1)

(4.3.9)

Lastly, the recursive feasibility and exponential stability are obtained with the initial condition
Vi, (po) < cv. O

In the literature, the standard approach for valdating Assumption 4.3.1 and Theorem 4.3.2
is to employ a linear controller and to estimate the parameters (v,c) as in (4.3.8) within its
associated invariant set (of ellipsoidal form as in [Chen and Allgéwer, 1998 Kohler et al., 2018]
or polyhedral form as in [Cannon et al., 2003]). However, employing a linear controller for
the nonlinear system (4.3.6) obviously restricts the corresponding invariant set, hence, arguably
leading to an impractically large prediction horizon N, from (4.3.9) of the NMPC controller
(4.3.1)-(4.3.4).

Thus, it is worthwhile to ask whether, for the particular dynamics (as those shown in (4.3.6)),
we may dispense with the linearized dynamics/linear controller construction and, instead, check
Assumptions 4.3.1 by applying the FL controller wug, (i, 1) defined in (4.1.4).

In order to do that, we emphasize that the feedback linearization property of the control law
e (e, ) as in (4.1.4) remains validated for the discrete system (4.3.6) but requires the virtual
input vector pig = [tz p, p12)" as in (4.1.4) to admit the discrete PD formulation:

Mq(pk) = Kquk + Kquqm V(] € {.f, Y, Z}? (4310)

in which, the control gains (K, K,) is chosen differently in comparison with the continuous

gains ([, , K,,) (only required to be negative) as in (4.2.8):
2 J
— S < Kgq < §K1q < 0. (4311)

The condition (4.3.11) is to guarantee the stability of the following linear dynamics obtained
from introducing the FL controller e (1¢(px), ) to the nonlinear system (4.3.6):

52 52

Pr+1 = Is + EKI 0Ls + §K2 Pk, (4-3-12)
0K, I;+ 0K,
Ax,

in which, the gain matrix K, € R**% gathers all the control gains (K, K>,) as in (4.3.11):
Ky = [K) K], (4.3.13)

with Kl = diag{Klz, Kly, Klz} and K2 == diag{ng, Kgy, K2z}'
Next, we will address the discrete formulation of the corresponding ellipsoid invariant set (i.e.
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the continuous form is given in Proposition 4.2.4) and the convergence rate of the state within
the set which will be useful to check Assumption 4.3.1.

By choosing a symmetric positive definite matrix M; € R%*®, we obtain a symmetric positive
definite matrix P; € R%*® as the unique solution of the following discrete Lyapunov equation:

Ay PiAk, = Py — M,. (4.3.14)

with the discrete stable matrix A, from (4.3.12). Note that, the symmetric matrix M, employed
for the discrete Lyapunov equation (4.3.14) does not require to be chosen as in (4.2.10) but only
to be positive definite which is due to the fact that the terminal cost as in (4.2.5) is not used in
the NMPC design (4.3.1)—(4.3.4). The matrix P, obtained from (4.3.14) allows us to construct
an ellipsoid invariant set for the discrete system (4.3.6) as follows:

S(Py,rq) = {pr € R°| ngd pr < min(eig(Py))r;}, (4.3.15)

with r4 € Ry chosen similarly to 7 in (4.2.19) but with the new discrete control gains (K, K,)
as in (4.3.11):
U

rg= min { ———— 5,
qe{x,y,z} /K12q _|_ K22q

with (U, U,, U,) the positive constants as in (4.1.6).

(4.3.16)

Proposition 4.3.3 ( [Nguyen et al., 2020c]). The set S(Py,rq) defined in (4.3.15) is input
constraint admissible and positive invariant for the system (4.3.6) under the FL controller
Upr, (Kapr, ) as in (4.1.4) with K4 from (4.3.13). Furthermore, within the set, the state conver-
gence speed is bounded by a scalar p as follows:

in(cig(M))
2 < (1— min(eig(M)) 2 4.3.17
”pk-i-lHPd = ( ax(eig(Pd)) Hpk’”Pd? ( )

~
p

with M and Py symmetric positive definite matrices as in (4.3.14).

Proof. The input constraint admissible property of the set S(Py, rq) as in (4.3.15) is constructed
identically to the one of Proposition 4.2.4. Then, within the set, the FL controller g, (K4px, ?),
given as in (4.1.4) with K, from (4.3.13) provides:

IprrillD, = P Ak, Palr,p = lIpel:, — Ipellis (4.3.18)

with M and P, symmetric positive definite matrices as in (4.3.14). This firstly proves the
invariant property of the set S(Py, rq) from (4.3.15) and further leads to the convergence rate as
in (4.3.17) due to:

Iouly = min(eigM) el > T BT, (13.19)

max(eig(Py)
This also completes the proof. O

Hereinafter, we will employ the results of Proposition 4.3.3 to validate the Assumption 4.3.1
and Theorem 4.3.2. We firstly define the positive constants ¢, v from (4.3.8) as follows:

min(eig(Py)) max(eig(Q*))  max(eig(Fy))

max(eig(Fy)” | min(eig(Q)) min(eig(Pa))(1 — )’ (4.3.20)

¢ = rgmin(eig(Q))
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with @) the weighting matrix as in (4.2.4), rq from (4.3.16), P; obtained from solving the Lya-
punov equation (4.3.14) and p as defined in (4.3.17). The matrix Q* is given as follows:

Q" = Q + Lmax(eig(R)) K] Kg, (4.3.21)

with R the weighting matrix as in (4.2.4), L a positive constant as in (4.1.10) and K, the control
gain matrix from (4.3.13).

Proposition 4.3.4 ( [Nguyen et al., 2020c]). Assumption 4.3.1 is satisfied with (c,7) as in
(4.3.20).  Furthermore, the closed-loop dynamics (4.3.5) (controlled by the NMPC' controller
(4.3.1)(4.3.4) ) are uniformly exponentially stable for all the initial states py satisfying Vi, (po) <
cy with Vi, (po) the optimal value function from (4.3.1). O

Proof. The proof is detailed in Appendix G. m

By Proposition 4.3.4, the stability of the NMPC controller (4.3.1)—(4.3.4) is established by
using the parameters (7, c) as defined in (4.3.20) which are exploited from the FL controller
upL (Kap, 1) as in (4.1.4), (4.3.13). In the following, the design procedure is summarized.

Procedure 4.3.5 (NMPC design without terminal stabilizing constraints).

1. Choose the symmetric matrices Q € R%*S (positive definite) and R € R3*® (positive semi-
definite) to formulate the stage cost as in (4.2.4).

2. Choose the control gains (K, Ks,) (q € {z,y,2}) as in (4.3.13).

3. Choose the symmetric positive definite matriz M in (4.3.14) and solve the Lyapunov equa-
tion (4.3.14) for P,.

4. Find p as in (4.3.17), ¢ and v as in (4.3.20) in order to find Ny given in (4.3.9).

5. Define the prediction horizon N, > Ny as in (4.3.9).

4.3.2 Tuning the prediction horizon

It is well-known in the literature that an NMPC controller without terminal stabilizing con-
straints as in (4.3.1)—(4.3.4) requires a sophisticated tuning procedure in order to obtain the
reasonable values of the required minimum prediction horizon Ny and also of the region of at-
traction which guarantees the stability [Kohler et al., 2018, Griine, 2012]. However, to the best
of our knowledge, the tuning problems of the NMPC without terminal stabilizing constraints
have been underestimated in various relating works [Limén et al., 2006, Griine, 2012, Reble and
Allgéwer, 2012, Kohler et al., 2018]. That is to say, people concentrate mostly on the stability
proofs of their NMPC designs (e.g. as our contribution in Proposition 4.3.4), then, provide one
illustrative example with specific parameters [Kohler et al., 2018, Boccia et al., 2014]. Theses
examples actually aim to show how the results are obtained (e.g. in order for the readers to
validate again the calculation process by themselves) but do not give the insight into the actual
tuning process. For our particular NMPC design (4.3.1)-(4.3.4), the most influential parameters
are the control gains K, K, with ¢ € {z,y, 2} satisfying the condition (4.3.11), the symmetric
positive definite matrices M from (4.3.14) and @, R from (4.2.4) which are not easy to tune
due to a large amount of decision variables. We will show that an arbitrary choice of these
parameters can easily lead to a dramatically large and hence, impractical prediction horizon
length.
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Example 4.3.6 (Effects of tuning parameters on prediction horizon length). The wvalues of
the required prediction horizon length Ny as in (4.3.9) and the corresponding parameter ¢ as in
(4.3.20) w.r.t. to different tuning scenarios are given in Table 4.3.1. It can be observed that
appropriate changes in the tuning parameters allow to reduce the required prediction horizon Ny
and to increase the value of ¢ which represents the inner part of the domain of attraction, i.e.,
Iplly < ¢ as in (4.3.8), hence, also enlarging the domain. The tuning steps are listed following
Procedure 4.5.4. The values of (U, U,,U,) as in (4.3.16) are taken from Table 2.5.1.

Description Q R Ky K, M Ny c
: : Is  Osxs
First choice |:03><3 011, 0.115 —1I3 —1I3 I 2853 | 0.01
: I;  Osxs
Tuning R 00115 | —1I3 —1I; I 2762 | 0.01
Osx3 0.113
TUI’liIlg Q I6 001_[3 —I3 —I3 I6 173 0.104
Tuning K1 I6 001I3 —]_2.[3 —I3 I6 156 0.09
Tuning K2 IG 001[3 —]_2.[3 —09.[3 IG 152 0.106
: Is 0.113

Table 4.3.1: Prediction horizon length w.r.t different tuning parameters [Nguyen et al., 2020¢].

By Example 4.3.6, we have shown that appropriately tuning the variables can increase the
performance of the NMPC controller (4.3.1)—(4.3.4), however, it also raises a question on:

How to obtain the appropriate parameters for the NMPC design (4.3.1)-(4.3.4) ?

In order to answer this question, we consider the important ingredient v as calculated in (4.3.20)
which affects the required prediction horizon Ny as in (4.3.9). By introducing p from (4.3.17)
into v as in (4.3.20), we can express 7 as the multiplication of 7, and 75 as follows:

_ max(eig(Q”)) (max(eig(Py)))”
\min(eig(@))/ min(eig(Fy)) min(eig(]\/[))/’

-~ -~

71 "2

with @ asin (4.2.4), Py, M as employed in the Lyapunov equation (4.3.14) and Q* as in (4.3.21),
all symmetric positive definite matrices. At first, from the formulation of Ny given in (4.3.9),
decreasing the value of v as in (4.3.22) also reduces the prediction horizon Ny. Therefore, it is
in our interest to minimize the values of v; and 7 as defined in (4.3.22). In order to reduce the
decision variables, we follow some reasonable assumptions:

(4.3.22)

e We give equal importance to the motions along the three axes (as similar to (4.2.49)—
(4.2.50)), i.e.:

Q = diag{%a‘]thQ%QZa%}a (4323)
Ky, =Ky, =Ky =k, (4.3.24)
ng - KQy == K2z - ]ﬂQ. (4325)
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in which, ¢, go are positive scalars and kq, ks < 0 have to satisfy (4.3.11). As a result, the
matrix Ak, in (4.3.12) becomes:

52 1)
[y (i) ) "
0k 15 (1 + 5/{:2)I3

e The symmetric matrix M € R%%6 in (4.3.14) is parametrized as follows:

_ myls msls
M = [ msls mQI;J , (4.3.27)
with my, mo, mg € R satisfying the following conditions:
myms > m3. (4.3.28)

in which the role of (4.3.28) is to guarantee the positive definite property of M. Note that,
with m; = 1, (4.3.28) is simplified to my > m3.

Remark 4.3.7. We fix m; = 1 as employed in (4.3.27) since any scaling on M results on the same
scaling on P due to the Lyapunov equation (4.3.14). Then, all the eigenvalues of M and P are
scaled similarly, hence, 75 in (4.3.22) does not change. Therefore, fixing m; = 1 does not cause
any loss of generality within the analysis (but reduces the numerical issues). 0

4.3.2.1 Tuning 7, as in (4.3.22)

By introducing the parametrizations of @) and (K , K»,) (with ¢ € {x,y, 2}) (4.3.23)-(4.3.25)
to @ as in (4.3.21), 7, as defined in (4.3.22) is explicitly given by:

max(eig(Q*)) Gt @+ F(kT + k3) + \/((h — o+ Pk — K3))? + 472k2k3
min(eig(Q)) 2min(q1, 2)

. (4.3.29)

M=

in which, 7 is directly proportional with the maximum eigenvalue of the positive semi-definite
matrix R:
7 = L max(eig(R)), (4.3.30)

with L a positive constant as in (4.1.10). From (4.3.29), we obtain that:

q1 + qo + (kg + ko)? < @+ g+ 7k 4+ k3) + \/2 (g — q2)* + 272 (kY + kD)
2min(qy, q2) == 2min(q1, q2)

. (4.3.31)

in which, the first inequality is due to (qg; — g2 + (k2 — k2))* > 0 and the latter one is by using
(g1 — qo + F(k2 — k2))* < 2(q1 — @) + 272(k2 — k2)2. From (4.3.31), it can be observed that
reducing the values of |q; — ¢2|, max(eig(R)), k? and k3 probably provide a smaller value of 7,
(we use “probably” since the reductions of the aforementioned parameters actually make both
the upper and lower bounds as in (4.3.31) smaller). Especially, in case of ¢1 = g2 = ar with a
positive scalar a, v, from (4.3.29) becomes:

k2 + k2

=1+ (4.3.32)

which actually allows us to obtain a specific value of v; by tuning only two weighting matrices
() and R as employed in (4.2.4) regardless the predefined values of (ki, k2).
Therefore, for tuning 7; as in (4.3.29), we propose several general directions:
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e decrease the ratio max(eig(@Q))/ min(eig(Q)) as much as possible.

e decrease the value of max(eig(R)) based on the employed values of (ki,k2) but bear in
mind that a small value of R causes large input consumption.

e decrease the values of k% and k2. However, this is not encouraged since it can cause an
unexpected increase in the value of 45 as in (4.3.22) and finally result in a larger prediction
horizon N,.

Remark 4.3.8. Formulation (4.3.32) explains the effects of the first two tuning steps given in
Table 4.3.1: i) reducing max(eig(R)) and ii) eliminating the term |q; — ¢o|. However, it does not
explain for the rest of Table 4.3.1 which requires us to analyze the parameter 7, as detailed in
the following. OJ

4.3.2.2 Tuning 7, as in (4.3.22)

As similar to the analysis on how to tune ; as in (4.3.29), the first step is to find the explicit
formulation of v, (defined in (4.3.22)) in terms of the tuning variables (4.3.23)-(4.2.13). The
calculation is identically to the one proving the semi-global stability property as in Proposition
4.2.7 and is too cumbersome to present here. Therefore, we give the proof in Appendix H and
present only the steps to follow hereinafter:

1. Solve the discrete Lyapunov equation (4.3.14) with Ak, asin (4.3.26) and M as in (4.2.13),
very similar to the approach detailed in Proposition 4.2.8. The matrix solution P, is
explicitly given in (H.0.1).

2. Obtain the explicit formulations of the eigenvalues of P; and M (given in (H.0.4)—(H.0.6))
similarly to the results of Corollary 4.2.9.

3. Introduce the eigenvalues of P; and M as given in (H.0.4)—-(H.0.6) to 2 defined in (4.3.22).

Then, we obtain the explicit formulation of v, (4.3.22) in terms of the parameters (ki, k2, ma, ms)
(4.3.24)—(4.2.13) which is defined as follows:

Y2 é ’72(k1;k2am27m3)7 (4333)

with the function 75(-) illustrated in Figure 4.3.1 for some specific values of (kq, k2).

It will be in our interest to analyze and to find the (local) minimums of the function 7y(+)
defined in (4.3.33). Since the function is strongly nonlinear, non-convex and contains up to four
variables, we have to divide the task into two steps:

1. Find the optimal values of (mg, m3) which provide the local minimum value of 7, corre-
sponding to a specific values of (ky, ks):

V3 (K1, ko) = min vo(ky, k2, ma, ms). (4.3.34)
m2,ms3

subject to my > mj3 as required in (4.3.28),

(m27 m3> e [m2min7 m2max] X [_mgmax7 m3max]7

with (ma, . ,ma_. ,ms,... ) positive scalars specifying the ranges of mq and mg as in (4.2.13),
defined by user (c.f. Figure 4.3.1).

2. Apply Step 1 for different choices of (ki, k2), then, compare the obtained minimum values
v as in (4.3.34) in order to provide the complete analysis.
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| y(=0.1, =0.1, M9, ms3) | 100
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“( 1,000

(a) Tllustration of the optimal function (b) Minimum values of Ny obtained at the op-
73 (K1, ko) defined in (4.3.34) timal choices of (ma,m3)

Figure 4.3.2: Illustration of the analysis on Ny [Nguyen et al., 2020¢]

Remark 4.3.9. The solution of the optimization problem in (4.3.34) is obtained by checking a
mesh grid of the variables (mg, m3) within the specific range [moy_. ,mo, .. | X [—M3,..., M3...],
hence, the solution’s accuracy depends on the resolution of the mesh grid. However, the accuracy
problem is not critical due to the fact that we always have to choose the prediction horizon
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N, > Ny and N, € N (e.g., it does not matter if we obtain Ny = 149.4 instead of the precise
value assumed to be 149.36 since the minimum prediction horizon needs to be an integer, which
leads in both case to IV, = 150). Furthermore, using the mesh grid method provides very fast
computing times. E.g., it takes only 0.06 seconds to construct the whole data points for Figure

4.3.2 which contains 51 x 41 points of (mg, m3) and 11 x 11 points of (kq, ks). O
fer (4.3.24) | Ky (4.3.25) | ms (4.3.27) ma (4.3.27) No (4.3.9) [ ¢ (4.3.20
-1.3 -1.1 0.2 1.6 150 0.089
-1.3 -1 0.1 1.3 150 0.093
—1.2 —-0.9 0.1 1.3 150 0.118
—1.2 —-0.8 0 1 150 0.125
—0.1 —0.1 Method in [Kohler et al., 2018] 109 10~*
-1 -1 Using linear controller u = Kgp + u, 5124 1077
—2 —2 and the linearized dynamics 1112 1077

Table 4.3.2: Optimal values of (ky, ko, m2, m3) which provide the smallest Ny in comparison with
the method in [Kohler et al., 2018] (using @ = Is and R = 0.01I3 as in (4.2.4)).

We enumerate in Table 4.3.2 all the scenarios in which, we obtain the smallest value of the
required prediction horizon Ny = 150 by using the weighting matrices () = I's and R = 0.0115.
Table 4.3.2 also shows the corresponding values of ¢ from (4.3.20) which helps identifying all
the feasible initial states po, i.e., V,(po) < ¢y as stated in Theorem 4.3.2. All the choices of
(k1, ko, mo, m3) gathered in Table 4.3.2 require the minimum prediction horizon of 150 but they
provide a large range of ¢ from 0.089 to 0.125. Obviously, with the same prediction horizon of
150 (i.e., similar ), the larger value of ¢ results in larger domain of attraction. Thus, the control
gains (kq, ko) = (—1.2, —0.8) with Ny = 150 and ¢ = 0.125 obtained with M = I appears to be
the best choice in our analysis.

For comparison, we use the method proposed in [Kohler et al., 2018] which employs a linear
controller u = K p+u, with K, as in (4.2.50) and u, as in (4.1.3) as well as the linearized model
of the dynamics (4.3.6). The results are given in the last three lines in which both the value of
¢ and the prediction horizon Ny are much more conservative than the results of our proposed
method. This is due to the restriction of using the linear controller for the strongly nonlinear
system (4.3.6). This strongly confirms the effectiveness of our NMPC design approach using the
local FL controller ug, (K4p, ) as in (4.1.4).

Furthermore, we also notice that even the shortest prediction horizon in our analysis Ny = 150
steps is still extremely large for real implementation. However, bear in mind that the obtained
results (c.f. Table 4.3.2) are still more promising than employing the linear controller as con-
sidered in [Kohler et al., 2018]. This also indicates a big gap still existing between the theory
on NMPC design and their practical formulations since through various simulations and ex-
perimental tests, the NMPC controller (4.3.4)—(4.3.4) requires a prediction horizon of only 10
steps to stabilize the system (4.3.6). This is due to the fact that the NMPC controller can fully
exploit the inputs of the system while a standard controller (e.g. FL controller up, (K4p, 1) as in
(4.1.4) or the linear controller as employed in [Kohler et al., 2018]) enforces the inputs to follow
their explicit formulations, hence, the convergence speed of the standard controller (e.g. p as in
(4.3.17)) can not be fast enough to obtain this short prediction horizon of 10 steps.

To conclude, we have completely exploited the usage of the FL controller g, (Kgp, ) for de-
signing the NMPC controller (4.3.4)—(4.3.4) through the stability proof as in Proposition 4.3.4
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and also the tuning procedure as detailed in Section 4.3.2 and positively believe that our com-
plete analysis can be generalized and similarly applied for various nonlinear controllers (e.g.,
passivity-based control [Ha et al., 2014], H, control [Kerma et al., 2012], etc) which may result
in more realistic prediction horizons.

4.3.3 Simulation validation of NMPC controller without terminal
stabilizing constraints

This section provides the simulation results for stabilizing the model of a Crazy flie 2.0 nano
quadcopter platform characterized by the parameters given in (4.2.68) using the NMPC design
without terminal constraints (4.3.1)—(4.3.4). The simulation employs the same parameters as
considered in Sections 4.2.1.3 and 4.2.2.4, i.e., the NMPC sampling time and model discretization
step § = 0.1 seconds and the initial state py = [—0.1 0.3 —0.2 0 0 0] ". We consider two simulation
scenarios:

Scenario 1: employing the prediction horizon of IV, = 150 steps which guarantees the closed-
loop stability according to Table 4.3.1.

Scenario 2: employing the prediction horizon of N, = 10 steps.

Both scenarios use the weighting matrices () = I's and R = 0.0113 as considered in Table 4.3.1.
We provide the state convergence results in Figure 4.3.3a in which, we can see that the NMPC
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(a) Position convergences under two scenarios. (b) Computing time per step.
Figure 4.3.3: Position results and computing time when using NMPC controllers without termi-
nal stabilizing constraints.

controller under Scenario 1 (using the 150-step prediction horizon) obtains the transition time of
3.2 seconds while employing the prediction horizon of only 10 steps makes the states converging
in longer time, i.e., 14 seconds. It is also trivial that the computation burden under Scenario 1
is much heavier than the one under Scenario 2 as can be seen from Figure 4.3.3b. The average
computing time of the NMPC controller with the 150-step prediction horizon is 242 milliseconds
while it is only 51.3 second for the second scenario.

In the next section, all the simulation results of the presented NMPC designs in Sections 4.2-4.3
will be gathered together in order to conduct a thorough and complete comparison between
them.
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4.4 Comparisons between different NMPC designs

This section gathers all results of the numerical simulations carried out for the different NMPC
designs introduced in this Chapter. The analysis is given in Table 4.4.1 which includes:

1. the proposed NMPC design with terminal invariant set constructed under the FL con-
troller (4.1.4). The design achieves the semi-global stability property. Two scenarios are
considered:

i) the initial state does not stay within the terminal set, hence, the prediction horizon
length needs to be increased in order to guarantee the feasibility of the NMPC problem
(Scenario 1 in Section 4.2.1.3);

ii) the terminal set is enlarged until covering the initial state. The shortest prediction
horizon of 2 steps is employed (Scenario 2 in Section 4.2.1.3).

2. the quasi-infinite horizon NMPC (denoted by ¢qMPC in the analysis) design [Chen and
Allgower, 1998] (Scenario 3 in Section 4.2.1.3).

3. the proposed NMPC design with terminal d-invariant set under the the FL controller
(4.1.4) (Section 4.2.2.4).

4. the NMPC design without terminal stabilizing constraints which is constructed by using
the FL controller (4.1.4) as the feasible guess and is able to guarantee stability for a
prediction horizon of 150 steps (Scenario 1 in Section 4.3.3).

5. the NMPC design without terminal stabilizing constraints using the prediction horizon of
10 steps which, in simulation proves capable of ensuring a bounded behavior but lacks
theoretical guarantees — it has no stability proof (Scenario 2 in Section 4.3.3).

6. the NMPC design without terminal stabilizing constraints but with its stability guaranteed
by using the method introduced in [Kohler et al., 2018] with the prediction horizon of 1152
steps (c.f. Table 4.3.2). No simulation is conducted for this scenario due to its impractically
long prediction horizon.

The data given in Table 4.4.1 clearly shows that exploiting the FL controller (4.1.4) to design
an NMPC controller provides better results than using a standard linear controller (as used in
gMPC design [Chen and Allgower, 1998] and in [Kohler et al., 2018]) for both cases of using
and not using the terminal stabilizing constraints. At first, regarding the first four scenarios,
all making use of the terminal stabilizing constraints, the qMPC design provides the smallest
terminal region (c.f. €, in Figure 4.2.3). Hence, it requires the longest prediction horizon of
12 steps. These conservative elements lead to a significantly larger computing time (with the
mean value of 77 milliseconds and the maximum value reaching 109 milliseconds) in comparison
with the three other cases using the proposed methods. Next, the first two scenarios (i.e.,
using the proposed terminal invariant set S(P,d) as in (4.2.79)) indicates the ease to tune the
corresponding NMPC design while still guaranteeing a low computation burden and good control
performance. We can either use the “medium-size” terminal set S(Py, d;) with 7-step prediction
horizon or employ the enlarging approach detailed in Section 4.1 in order to obtain the terminal
set S(Py,dy) ultimately containing the initial state (c.f. Figure 4.2.3a) and hence, to possibly
employ a short prediction horizon of 2 steps which still guarantees the closed-loop stability. The
second design (i.e., using the large-size terminal region S(P,ds)) requires the least computing
time with only 42 milliseconds per step on average but provides inferior control performance
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with its convergence time of 5.2 seconds - the second slowest in the analysis. However, if the
users want to increase the performance, they can easily reduce the size of the terminal invariant
set and the convergence time can be reduced accordingly, e.g., down to 4.4 seconds when using
the smaller invariant set S(Py,d;).

Furthermore, an interesting point is that we are able not only to increase the control performance
but also to reduce the computing time by using a relaxed invariant set, called )-invariant set R
as in (4.2.91) with its linear construction as the terminal region of the NMPC design with the
closed-loop stability guaranteed by Proposition 4.2.21. The data given in the fourth scenarios
shows that using these linear box-type constraints (4.2.91) helps reducing the computing time
down to 46.5 milliseconds per step on average (i.e., the second lowest among the considered
scenarios) while its “medium” size (c.f. the set R in Figure 4.2.6a in comparison with the set
P(Py,r) in Figure 4.2.3a) provides a good convergence speed of 3.2 seconds.

Next, regarding the last three scenarios in which we consider the NMPC design without terminal
stabilizing constraints (denoted by uMPC), the proposed calculation process based on the FL
controller (4.1.4) significantly reduces the minimum required prediction horizon (150 steps) in
comparison with the method using the standard linear controller introduced in [Kohler et al.,
2018] which requires 1152 steps to stabilize the system. However, both the results are not
ready for real implementation since the computing time under the case of 150 steps is already
242 milliseconds on average. When the practical prediction horizon of 10 steps is employed,
the uMPC controller requires only 51.3 milliseconds for one iteration on average, however, the
convergence time is very long which is up to 12.5 seconds - the highest value in the analysis.

Controller’s Terminal Prediction | Convergence | Computing time [ms]

information region horizon time (95%) | Mean | Min | Max
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Notations: qMPC: quasi-infinite horizon NMPC [Chen and Allgower, 1998], uMPC: NMPC
design without terminal stabilizing constraints (also referred as unconstrained NMPC' [Griine,
2009]) and *: without stability proof.

Table 4.4.1: Comparison between different NMPC designs under simulation.

In the next section, the two NMPC controllers using the terminal invariant set S(Pi,71) as

considered under Scenario 1 in Section 4.2.1.3 and the terminal d-invariant set R as considered
in Section 4.2.2.4 will be employed for conducting real experimental tests over the Crazyflie 2.0
nano-quadcopter platform (c.f. Section 2.5.1).
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4.5 Experimental validation

This section introduces the experimental validation of the two proposed NMPC controllers:
using the terminal invariant set S(P,r) as detailed in Proposition 4.2.5 and using the terminal
d-invariant set R as detailed in Proposition 4.2.21 over the laboratory Crazyflie 2.0 (CF) nano-
quadcopter. The controllers are calculated by using a station computer and only the set-point
consisting of the thrust and the three angles is sent to the Crazyflie 2.0 quadcopter [Nguyen
et al., 2018b]. The station computer is capable of solving the NMPC optimization problem
(4.2.1)—(4.2.3) as its original formulation within the chosen sampling time §; = 0.1 seconds by
using Pyomo [Hart et al., 2011] and the IPOPT solver [Wéchter and Biegler, 2006] in Python
3.0. In the following, we describe the limits of the platform and the mismatches between the
theoretically nominal NMPC application and real implementation, then, illustrates the obtained
results of the two proposed NMPC controllers.

4.5.1 Experimental validation limits and how to overcome them

Firstly, the yaw angle ¢ as in (4.1.1) is assumed to be a known constant. However, maintaining
a constant direction angle for an aerial vehicle is obviously impossible for long running times.
Thus, we try to stabilize the yaw angle of the CF around zero and update the actual yaw value
to the NMPC optimization problem at each sampling time. This alternative approach still
guarantees the nominal stability of the closed-loop scheme with a less strict assumption, i.e.,
requiring the yaw angle value to be constant only along the prediction horizon *.

Secondly, the execution time is always significant when considering an NMPC controller,
especially for controlling the Crazyflie 2.0 quadcopter system with the required sampling time
of 0.1 seconds. Thus, even with a perfect state feedback at time instant ¢, we cannot obtain
the MPC control action immediately at the same time instant ¢ as assumed in (4.2.3). Hence,
we have to relax this assumption by introducing the MPC input computed from information
received at time t to the CF system at time t + § (i.e., we assume the controller requires a
computation time less than 9).

The experimental platform consists of a Crazyflie 2.0 nano-quadcopter, a Loco Positioning
system (LPS) and a Z-ranger deck [Nguyen et al., 2018b,Giernacki et al., 2017]. LPS provides the
x and y positions of the CF system but with low accuracy (around 10 cm) (green and blue lines
in Figure 4.5.1 within the first 2 seconds) while the Z-ranger deck measures only the distance
between the CF and the ground (state z) with much higher precision (around few millimeters)
(red lines in Figure 4.5.1). Therefore, in order to mitigate the issues raised by the imprecise
estimation of the positions x and y, we fix the initial state at py = [0 0.3 — 0.2 0 0 0]" so that
the motion along the z-axis is reduced and hence, we observe clearly the motions along the y
and z axes. We consider two scenarios over which we conduct the experimental tests:

Scenario 1: use the NMPC controller (4.2.1)—(4.2.3) with the terminal invariant set S(Pp, 1)
as in (4.2.79) with Py, r; the parameters given in Table 4.2.1 (i.e., Scenario 1 in Section 4.2.1.3).

Scenario 2: use the NMPC controller (4.2.1)—(4.2.3) with the terminal J-invariant set R as
in (4.2.91) and with the tuning parameters given in Table 4.2.3 in Section 4.2.2.4.

Furthermore, the velocity of the CF is estimated by using a Kalman filter with the required
noise information measured before taking off (during the gray time interval given in Figure
4.5.1).

4The stability is still guaranteed since all the required ingredients detailed in Propositions 4.2.5 and 4.2.21
hold with a general constant yaw angle ¢ € [—, 7).
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Remark 4.5.1. If the reader is interested in using embedded NMPC with low-power hardware,
a discussion on how to re-formulate the NMPC problem (4.2.1) into its approximated quadratic
formulations, and thereafter, solve them by using a modified interior-point solver is detailed
in [Zanelli et al., 2018]. Another discussion on solving a linear MPC problem with a 8-bit
microcontroller by using a convex lifting method is presented in [Gulan et al., 2017]. [

4.5.2 Experimental results

Figure 4.5.1 shows the experimental results along the x (green), y (blue) and z (red) under two
scenarios which shows that both the proposed NMPC controllers succeed in stabilizing the CF
quadcopter. It can be seen again that the terminal J-invariant set R under Scenario 2 provides
faster convergence speed than the invariant set S(P;,r3) under Scenario 1 (3.6 seconds vs. 4.2
seconds, as illustrated by the red plot in Figure 4.5.1). The NMPC controller with the terminal
d-invariant set under Scenario 2 also results in more input consumption as clearly observed from
Figure 4.5.2a (dashed lines) in which the maximum values of the thrust and the pitch angle
under Scenario 2 (dashed lines) are significantly higher than thoses of the NMPC controller
using terminal invariant set S(Pp,71) (solid lines). All the inputs respect their constraints.
The computing times of both NMPC controllers under experiment are given in Figure 4.5.2b are
higher when compared to the simulation results given in Table 4.4.1 but they still share the same
trend, i.e., the NMPC controller using the terminal J-invariant set R (i.e., using terminal box-
type linear constraints) under Scenario 1 (red line in Figure 4.5.2b) provides less computational
burden than the controller using the terminal invariant set S(Py,r) (i.e., terminal quadratic
constraints) (blue line in Figure 4.5.2b) with their average computing time of 51.8 milliseconds
and 61.4 milliseconds, respectively. For the whole simulation time, the computing times of both
the two controllers are smaller than the sampling time d; = 0.1 seconds. The obtained results
are summarized in Table 4.5.1.
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Figure 4.5.1: Position convergences under two experimental tests.

The experimental results clearly confirm the effectiveness of the proposed approaches, i.e.,
employing the feedback linearization controller (2.4.1) to design the terminal regions which
guarantee the stability of the corresponding NMPC controllers. The terminal regions can be
either the invariant set S(P,r) as in (4.2.79) or the J-invariant set R as in (4.2.91). The two
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Figure 4.5.2: Input results and computing time of the two NMPC controllers under two experi-
mental tests.

Controller’s Terminal Prediction | Convergence | Computing time

information region horizon | time (95%) | Mean | Min | Max
Ter. invariant set | S(Py,r1) in (4.2.79)
Sce. 1, Sec. 4.2.1.3 po & S(Py,r1) 7 4.2 61.4 1 48 | 929
Ter. d-invariant set R in (4.2.91)
Sec. 4.2.2.4 po ¢ R

8 3.6 51.8 | 46.8 | 83.7

Table 4.5.1: Comparison between two NMPC designs using the invariant and J-invariant sets as
their terminal constraint sets under experiment.

proposed sets are the original contributions of the thesis which provide several unique and useful
advantages, i.e.: the ease of tuning (i.e., enlarging and vice versa) for invariant set S(P,r) as in
(4.2.79) and the clear interpretation, simple construction for the d-invariant set R as in (4.2.91)
which allows to reduce much of the complexity encountered in a typical NMPC problem.

4.6 Concluding remarks and open questions

In this chapter, we have addressed the problem of exploiting the feedback linearization (FL)
controller ug, (Kp,v) as defined in (4.1.4) for designing several NMPC schemes with guaranteed
stability. More precisely, the original contributions include:

1. an NMPC design using terminal invariant set with semi-global asymptotic stability guar-
antee:
The design employs a terminal invariant set and a terminal cost for ensuring the recursive
feasibility and asymptotic stability following the existing design principles in the litera-
ture [Mayne et al., 2000]. The originalities lie in the construction of the invariant set
under the aforementioned FL controller and the corresponding relatively easy tuning pro-
cess (in comparison with employing a standard linear controller as in the quasi-infinite
horizon NMPC design [Chen and Allgéwer, 1998]). We prove that the set can be enlarged
infinitely in the absence of state constraints, hence, the domain of attraction can also be
expanded unlimitedly. Therefore, the proposed NMPC design achieve the semi-global sta-
bility property (c.f. Definition 4.2.3). The controller is validated under both simulation
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and experiment. The controller provides good computing times (i.e., down to 42 mil-
liseconds per step when using the terminal invariant set which contains the initial state,
hence, possibly employing the prediction horizon of 2 steps as detailed in Table 4.4.1) and
also good control performance (i.e., convergence time of 4.4 seconds under simulation and
4.2 seconds under experiment with a “medium-size” terminal invariant set S(P,73) as in
Tables 4.4.1 and 4.5.1).

2. an NMPC design using terminal d-invariant set with asymptotic stability guarantee:
The design is constructed similarly to the previous one but using a d-invariant set (with §
the sampling time of the controller, c.f. Definition 4.2.14) as its terminal region. The set
allows the state to escape from itself but guarantees that it will return inside at predefined
periodic time instants and always stay within the admissible set. Due to this relaxation,
the terminal region can be obtained through simple box-type constraints as in (4.2.91).
This can reduce the complexity of the NMPC optimization problem while still guaranteeing
the closed-loop stability. The proposed controller is also validated under both simulation
and experiment with good results on the computing times (i.e., 46.5 milliseconds per step
under simulation and 51.8 milliseconds under experiment in comparison with 55 and 61.4
milliseconds under similar scenarios when using the terminal invariant set with similar size

as detailed in Tables 4.4.1 and 4.5.1).

3. a new process to calculate the required minimum prediction horizon for guaranteeing the

stability of an NMPC design without terminal stabilizing constraints and the correspond-
ing detailed analysis on the tuning parameters:
This unconstrained NMPC design ensures the closed-loop stability by defining an appropri-
ate prediction horizon length according to the existing Theorem 4.3.2 [Griine, 2012, Kohler
et al., 2018]. We firstly prove that the FL controller (4.1.4) satisfies Assumption 4.3.1 -
the prerequisite of Theorem 4.3.2, then, derive the formulation of the required prediction
horizon from the FL controller (4.1.4). Next, a thorough analysis on how to tune the
parameters is conducted which shows the shortest required prediction horizon length to be
150 steps (c.f. Table 4.3.2), in comparison with the thousands steps obtained when using
the approach proposed in [Kohler et al., 2018] with a standard linear controller.

In this chapter, we have shown that the use of the nonlinear FL controller (4.1.4) significantly
improves the performance and also the design procedure of the NMPC schemes with guaran-
teed stability (i.e., the form of the terminal constraint sets, the computing time, the length of
the prediction horizon and the ease for tuning them). Even though the proposed designs are
particularized for the translation dynamics of the multicopter system (4.1.1), they are actually
the continuations of our contribution on the use of the computed-torque control on stabilizing
the NMPC scheme detailed in the previous Chapter 3. Therefore, the generalization for similar
feedback linearizable systems are possible and promising. Beside that, there are still some open
questions which should be regarded in order to improve the contributions of this Chapter:

e Can we avoid the assumption on the constant yaw angle ¢ as in (4.1.1) when designing the
proposed NMPC controllers? This actually increases much the complexity of the works
since we have to take into account the mismatch on the predicted yaw angle and the actual
yaw angle at the next step which is impossible to know before hand. This most probably
leads to a problem of robust control design.

e Can we estimate the domain of attraction of the proposed NMPC design with terminal
invariant set S(P,r) as in (4.2.79) with more accuracy without solving the first iteration?
The aim of this question is to improve the proof of the semi-global stability given in
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Section 4.2.1.2 where we enlarge the terminal invariant set S(P, ) as in (4.2.79) until the
predefined compact set A} is inside the set S(P,r). This actually results in an oversized
domain of attraction - significantly larger than the necessary size which, hence, reduces the
control performance (i.e., low convergence speed as can be seen from Table 4.4.1, second
scenario).

e Can the NMPC design using the terminal d-invariant set R as in (4.2.91) achieve the
semi-global stability property, similarly to the one using the terminal invariant set S(P,r)
detailed in Section 4.2.17

e Regarding the NMPC design without terminal stabilizing constraints as detailed in Section
4.3, can we obtained a shorter prediction horizon than 150 steps as given in Table 4.3.2
by using a more complex paramterization of the tuning parameters ? IL.e., for now, we are
constraining the weighting matrix (), the control gain matrix K and the symmetric matrix
M as in (4.3.23)—(4.3.27) which allows only 7 decision variables from the total of 48 which
are in fact possible and hence, probably restricts the obtained results.



Chapter 5

Reliable control of a quadcopter under
stuck actuator fault

In the three previous chapters, we have presented the hierarchical control architecture with dif-
ferent control strategies for a multicopter system. Even though the control designs have been
validated through various simulations and experiments, the proposed contributions still lack an
anlysis on their reliability under faulty events since they may cause performance degradation
and instability. In the literature, possible faults occurring in the multicopters are usually related
to their rotors, such as loss of effectiveness of the rotors [Chamseddine et al., 2012, Avram et al.,
2017,Hasan and Johansen, 2018], or complete loss of one, two or even three rotors [Freddi et al.,
2011, Mueller and D’Andrea, 2014, Bagak and Prempain, 2015, Sun et al., 2018]. One particu-
larly intereting scenario among them is the stuck rotor type of fault [Yang and Lum, 2003, Jiang
et al., 2016,Shao et al., 2018]. Once stuck, the faulty actuators keep rotating at a constant speed
regardless of the actual control inputs. Thus, under a single stuck rotor fault, the multicopter
system not only loses one degree of freedom in its control ability but also suffers from persistent
disturbances [Chen and Jiang, 2005].

Henceforth, we consider the tracking of the position as the main objective (to the detriment
of, e.g., tracking the yaw angle). Then, the consequence of this fault’s effect on the system is
based on the number of rotors: i.e., a tricopter (having two symmetrical rotors and one tail rotor
tilted by another servo [Prach and Kayacan, 2018]) instantly crashes, a quadcopter (having four
symmetrical rotors) loses its yaw control capability [Freddi et al., 2011, Nguyen et al., 2017b] and
multicopters with more than four rotors (e.g., hexacopter with six rotors, octocopter with eight
rotors) are able to compensate for the loss of one stuck rotor by using the remaining healthy
rotors, hence, fully maintaining their capabilities [Saied et al., 2015]. Even if the fault can be
accommodated through hardware redundancy, there is still a need to design a FTC (Fault Tol-
erant Control) scheme which detects and isolates the fault and, consequently, provides control
reconfiguration strategies. In what follows, we find our interest in investigating the quadcopter
case where the unavoidable yaw spinning motion is a significant control challenge while the three
remaining healthy rotors compensate for the forth within the limit of their saturation constraints.
Part of these issues are addressed in our previous paper [Nguyen et al., 2017b] where an FTC
scheme for quadcopter control was developed by using feedback linearization but without pro-
viding a fault diagnosis module and considering the actuator saturation. This shortcoming was
due to the complexity of the whole controlled system under input constraints but can, arguably,
lead to bad behavior such as loss of stability and decrease in performance. Then, in [Nguyen
et al., 2020d], we improve the works in [Nguyen et al., 2017b] by designing a fault diagnosis
module particularized for the stuck rotor fault which consists of three standard elements: fault
detection, fault isolation and fault estimation [Hasan and Johansen, 2018]. The residual vector is

128
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calculated as the differences between the estimated rotor speeds and their references, hence, be-
ing able to detect the faulty rotor’s misbehavior. Furthermore, the saturation constraints on the
rotor speeds are fulfilled by employing the NMPC (Nonlinear Model Predictive Control) design
presented in Chapter 3 with some modifications (e.g., reformulating the rotor speeds constraints
into torques constraints). The control module is also reconfigured by no longer attempting to
control the yaw motion. As an extended version of [Nguyen et al., 2020d], this chapter provides
several contributions which, to the best of our knowledge, are new to state of the art:

e Provides a hierarchical control scheme for the trajectory tracking of a quadcopter system
under actuator saturation and a stuck fault occurrence. The high level employs a feedback
linearization controller while the low level switches between two different NMPC schemes
according to the system’s functioning states (healthy or under fault). The two NMPC
designs guarantees that the rotor speeds do not exceed their limit;

e Designs a fault diagnosis module for detecting the faults of a unique rotor being stuck at
varying speeds. The residue is constructed based on the differences between the estimated
and reference normalized torques (given in the unit of the rotor speed).

e Proposes a model of the uncontrolled yaw motion under fault. This allows the prediction
dynamics employed within the NMPC controller to be more realistic than keeping the yaw
value as a constant feedback within the whole prediction horizon would have been.

The remainder of this chapter is organized as follows. Section 5.1 presents the rotor configuration
of a standard quadcopter system and the modeling of the stuck actuator fault. Next, Section 5.2
introduces the hierarchical FTC scheme and the fault diagnosis module. The simulation results
are given and discussed in Section 5.3. Finally, Section 5.4 draws the conclusions and presents
the future directions.

5.1 Quadcopter rotor configuration under stuck fault

Recall the dynamical model of a general multicopter system x = f(x,u) given in (2.1.10). The
state x £ [£ v w|" € R'? gathers the 3D position &, translation velocity v, Euler angles n and
the body angle rates w, all in the vector space R3. The input vector u £ [T Ty To Ty]" € R
represents the thrust force and the three torques acting on the three body axes. These inputs are
created by the rotation of the rotors and are calculated based on the specific rotor architecture
of the considered multicopter system. Particularly, we consider a quadcopter system with its
four rotors being placed symmetrically along the body coordinate axes as shown in Figure 5.1.1.
This configuration is the so-called “plus” type as opposed to the “cross” type illustrated in
Figure 2.1.1 [Prabha et al., 2016]. The reason for choosing this “plus” configuration is that it
provides separate control mechanisms for angle control, i.e., the second and fourth rotors are
in charge of the roll angle while the others are responsible for pitch motion. Thus, it results
in a clearer notation and simpler calculation when considering the rotor faults [Nguyen et al.,
2020d, Nguyen et al., 2017b, Hasan and Johansen, 2018]. Note that, changing from “plus” to
“cross” types simply requires us to rotate the body frame B around its 2z axis by 45°, hence, the
contributions proposed hereinafter can be applied for all applications on the quadcopter system
regardless its original configuration type.

In Figure 5.1.1, the rotating directions of the propellers are defined by the four green curved
arrows with €; (i € {1,...,4}) representing their speeds. Note that, §2; € R, since the four
rotors can only rotate in their predefined directions. Whenever the i** propeller is rotating,
it creates the upward force T; (shown by red arrows) and the torque T; acting in the inverse
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Figure 5.1.1: Quadcopter and its “plus” rotor configuration.

direction of ; (shown by green curved arrows) due to the conservation law of momentum [Craig,
2005]:
T, = K82, (5.1.1)
T = (—1)'b2, (5.1.2)
for all ¢ € {1,...,4} and with K7,b € R, aerodynamics scalars. Therefore, based on the

schematic shown in Figure 5.1.1, the input vector u = [T T4 Ty T,]" from (2.1.10) is calculated
in terms of the rotor speeds 2; as follows:

T Kr Kr Kr Kp] [
Tel| 0 —LKr 0 LKy Q% (5 1 3)
To| ~ |-Lkr 0 Lkr 0 | |Q2| -
Ty b b b b ||

?\2 02

with L > 0 the arm length of the quadcopter. Note that, (5.1.3) is shortened as u = MQ?.
Also, in the rest of this chapter, the square of a vector gives a vector consisting of the squares
of all its elements, e.g. Q2 == [Q2 Q2 Q2 QT with Q = [Q; Qy Q3 Q4]". The four rotors are

Designed thrust T, Stuck fault

Speed Quadcopter T
calculator ST (if applicable) rotor MAV
. configuration i
Designed torque 7, Q, = My, sat(Q,Q,,) 0, =0y, 9 ¢ | dynamics
=aQ u=MQ
L

‘max

Actuator saturation and stuck fault modeling

Quadcopter system under actuator saturation and stuck fault — considered for control design

Figure 5.1.2: Further details of Figure 2.3.1: transformation from the designed inputs to the
real inputs within the quacopter system under actuator saturation and stuck fault.

assumed to have their own speed controller running at a significantly higher frequency. Therefore,
we consider that the real rotor speeds €; (i € {1,...,4}) can instantly track their references,
denoted by €2; ,, but are still limited by their maximum rotating speed denoted by .y € Ry
Furthermore, the rotors can be affected by stuck actuator fault [Chen and Jiang, 2005, Yang
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and Lum, 2003, Shao et al., 2018] which forces the rotating speed €2; of the i'* faulty rotor to
remain stuck at a constant value €2; ,, regardless of the actual reference value €2; .. Hence, under
both the saturation and fault effects as illustrated within the blue rectangle in Figure 5.1.2; the
rotating speed of the i* rotor is modeled through:

Q, {sat(inT, Qmax), under nominal condition, (5.1.4)

Q; o, under stuck fault,

with the saturation function sat(-) defined in (2.3.4). The constant stuck value €, , is expressed
in terms of 0 < a <1 as a fraction of the maximum rotor speed, i.e.:

Qi,a = anax- (515)

Within this paper, we consider at most one rotor being stuck at a time, so that the quadcopter
can still track a 3D reference trajectory since having one stuck rotor means that one degree of
freedom is lost in the control of the quadcopter system (in the sense of tracking the position
component of the trajectory while losing command over the yaw component). Thus, if the i
rotor is stuck at €2; , from (5.1.5), the rotor speed vector is denoted as follows:

Qio = [ Qg )T, (5.1.6)
which further leads to the distinction between the nominal functioning and faulty case when
considering the rotor-to-input relation as in (5.1.3):

- {M Q2 under nominal condition, (5.1.7)

MSY; . if the i rotor under fault (stuck),
with the nominal rotor speed vector €2 defined in (5.1.3). By this, we also complete the quad-
copter modeling under actuator saturation and stuck fault consideration which is illustrated by
the red rectangle block shown in Figure 5.1.2. In the followings, we introduce some new notations
for easily describing the system when under the fault of the i stuck rotor (i € {1...4}):

o M, € R* defines the " column while M, gathers all the other columns except the i
column of the matrix M from (5.1.3).

e = and = for a matrix = € R™™ gather the first and the last (n — 1) rows of =. The
definitions are also applied for the vector case where m = 1.
Below are some examples employed throughout the chapter. From the input vector u as

in (5.1.3), we have:

[1K

U=[T Ty Tl (5.1.8)

From the matrix M as in (5.1.3), we have:

My = [Kr 0 — LE7]T, M; = [LEr 0], (5.1.9)
Kr Kr Ky
— 1 0 0 LKr|. (5.1.10)

—LKy LKy O
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e The references of the four rotor speeds from (5.1.4) are gathered into:
Q2 [, T, (5.1.11)

while €,; € R3 represents the three references except the one of the i'® stuck rotor. E.g.
for ¢ = 2:

Qe 2 [, 3, Q] (5.1.12)

The next section will address a hierarchical FTC (Fault Tolerant Control) scheme whose goal is
to counteract the stuck fault through the feedback linearization position controller presented in
Section 2.4 and the NMPC attitude controller presented in Section 3.5.

5.2 Fault Tolerant Control design

Figure 5.2.1 presents the control process proposed in this chapter to accommodate the fault
corresponding to a single stuck rotor [Nguyen et al., 2020d]. The design is built upon the
standard hierarchical two-layer control scheme as given in Figure 2.3.1. Under nominal func-
tioning, the position controller and the attitude controller operate similarly to the standard
design as introduced in Section 2.3 while the speed calculator block converts the desired inputs
ug = [Ty Ty, Te, Ty,]" into four rotor speed references €2, (5.1.11) by using the inversion of the
speed-to-rotor relation (5.1.3). Then, the references are sent to the quadcopter system which
actually stands for the whole process subject to actuator saturation and stuck fault as given
inside the red rectangle in Figure 5.1.2.

Position &, yaw angle ¥

------- Reconfiguration module -----------5

Ty | i
Position g, g, ! ! o, Toy Speed | @-| Quadcopter
controller ——— T Attitudle ——— calculator ! system

Reference 7T controller 7 ’
position &, Yo 1 7 T I't i

Pt ! |

P ! |

Signals concerning : | it" rotor stuck i A?gle :

R P I ratew
the FDI module Pl i[Lf'isf’(ied_(liix__ S |
—— The others A bererrrreeeeeees N ' Angle n, angle rate w

Figure 5.2.1: Hierarchical Fault Tolerant Control scheme for the quadcopter system.

Besides that, the speed references €2, are also sent to the fault diagnosis module (red block
in Figure 5.2.1) in which, they are compared with the estimated rotor speeds (represented by
normalized torques in the chapter) in order to detect the stuck fault, identify the stuck rotor
and estimate the speed at which is stuck. Under fault, as we lose the control of one rotor, we
reconfigure the controller structure to no longer control the yaw motion. The two signals with
dashed slash in Figure 5.2.1 (i.e., yaw angle reference, 1., and desired yaw torque, T,) will be
discarded. Furthermore, based on the information of the fault provided by the fault diagnosis
block, the attitude controller (blue block in Figure 5.2.1) reconfigurates its control law and the
speed calculator block modifies the speed transformation (e.g., the nominal functioning given in
(5.1.3)) to provide appropriate rotor speed references in order to counteract the detected fault.
Note that, the reconfiguration block at the low level is required to run at a higher frequency than
the position controller in order to achieve the stability of the whole scheme [Scattolini, 2009].



5.2. Fault Tolerant Control design 133

5.2.1 Hierarchical FTC control scheme

In this section, we present the designs of the two control layers employed within the hierarchical
FTC scheme shown in Figure 5.2.1. At first, the role of the position controller does not change
while under stuck fault since we choose to only renounce controlling the yaw motion. Therefore,
in order to simplify the whole control process, we make use of the feedback linearization controller
from Section 2.4 which provides the desired values of the thrust T; = Ty, as given in (2.4.1a)
and the roll, pitch angles ¢4 = ¢pp, 04 = Ppy, as given in (2.4.1b)—(2.4.1c).

The main contributions of the section will be the designs of the attitude controller and the speed
calculator shown in Figure 5.2.1. The FTC law alternates between the healthy and under fault
modes. Each of these correspond to a particular combination of the attitude controller and the
speed calculator. In order to avoid the rotor saturation effect as in (5.1.4) and to respect the state
constraints from (2.1.12), the NMPC strategy introduced in Section 3.1 appears again as a good
control candidate. The main problem is that the saturation constraints from (5.1.4) actually
imposes the time-varying polytopic constraints on the desired torques 74 and furthermore, the
yaw motion becomes uncontrollable under fault. These prevent us from directly applying the
attitude control design given in Section 3.5 even under nominal functioning. In the following
sections, the solutions will be addressed for the nominal and faulty cases, respectively.

5.2.1.1 Nominal functioning

Since we are now considering the quadcopter system as introduced in Section 5.1, the healthy
NMPC attitude controller requires some important changes in comparison with the NMPC
design proposed in Section 3.5. The input constraints are not taken as those given in (3.5.5),
i.e., |T4| < Tmax but have to take into account the desired thrust 7} obtained from the position
controller (c.f. Figure 5.2.1) and the rotor speed constraints [Nguyen et al., 2020d]:

Tq € S(Ty) = {Td c R3’0 < My, < Q?nax} , (5.2.1)

with ug £ [Ty T4]", M in (5.1.3) and Qyay the maximum rotor speed in (5.1.4). Furthermore,
the terminal constraint set B*(ng,e) from (3.5.24) is constructed to be constraint admissible
w.r.t the torque constraint |74 < Tpax from (3.5.5) and not for the set S(7;). Therefore, the
next step is to define the parameter T . € Ri such that the condition (5.2.1) holds for all the
feasible values of the desired thrust 7y which is facilitated by the following proposition.

Proposition 5.2.1 ( [Nguyen et al., 2020d]). There always exists T € R such that the
following holds:
[_Tmazy Tmaa:] g S(Td), v Td S [Td Td (522)

where [Ty, . Ty .| represents the range of the desired thrust received from the position controller
and satisfies 0 < Ty < Ty < 4KpQ> with Qynee the mazimum rotor speed.

max’

man ) mtw] ?
min

Proof. From the definition of S(T}) in (5.2.1), the polytopic constraints on the desired torques
T 4 is explicitly given by:

p— O 1 1_
OLKy  4b
1 1 0 1 - 1
Ty |1 T2LK a || 2 Ti \ |1
4 < T Te, | < Q2 — -2 5.2.3
AK 11 — 0 1 _l Ted = max 4K 1] ( )
1 X QLK 14b va 1
0 —
L 2LK 4b |
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with Kp,b, L from (5.1.3) the constant parameters of the quadcopter system. Next, the con-
straints (5.2.3) are split into two separate systems of linear inequalities as follows:

i 1 1
Ta (1] _ | 20Ky 40| [Te 2 Ta \ 1
_ < T a1 <[ - — 5.2.4
4KT _1_ —_ 1 i _7—¢d —_ max 4KT 1 Y < )
| 2LKt  4b
_ 1 17
Ty (1] _ | 20Ky  4b]| [Te 2 T, \ 1
- < T <[ —_— 5.2.5
4KT _1_ — 1 _l de = max 4KT 1 ( )
| 2LKy 4b |

The aforementioned constraints imply that (7,, Ty,) and (Tg,, Ty,) are required to stay inside
the polytopes P; and P, defined as follows:

(T Tyy) € P1 = Conv (1), (5.2.6)
(Tgas Tyy) € Pr = Conv(V3), (5.2.7)

with the vertices sets V; and V5 obtained from (5.2.4)—(5.2.5):

Vi = { (o (493nax — %) b) ( LKpQ2 <2Q§nax — %) b) (5.2.8)
(0 —%b) (LKTQmaX, <2szfnax — %) b) }

Vo = { (0, — (4Q§m — %) b) ( LK,  — (2912;“ — %) b) (5.2.9)
(0. 20 (ns i~ (- E Y1) )

Furthermore, the polytopes P; and Py from (5.2.4)—(5.2.5) always overlap with each other due
to Ty < 4KT§22 as can be seen from their illustrations given in Figure 5.2.2. The intersection

max

is given by:
( T, T,L T, T,;L
—b ——b e if T; < 2K )2
Conv{(O,KT),< 5 0> (O KT) < 5 ,0) , Wy < 206780
T, TyL
PP, = 0, (49311“ - K—d) b) <2LKTQ§W - % 0),
Conv TT 7.7, R if Td > 2KTQmax’
0,— (402, — =L )b, [ —2LK02, + 220
\ KT 2

(5.2.10)
and especially, P; = Py when Ty = 2K7Q2 . The overlap region facilitates a simple choice of

the box constraints on the desired torques T4 given as follows (c.f. Figure 5.2.2):

ub T,L
(ITgal, |Toul) < andl pal < = i Ta < 2K2Q; (5.2.11)

max’

2K,
T;L

max 4

(ol 1Tasl) < (292 - )bandrmdr<LKTQ

max

, if Ty > 2KTQ (5212)

max)’

which, if satisfied, guarantees that 7, € S(7,) as required in (5.2.1). Therefore, the maximum
desired torques Timax = [Témex Tomax T omae) - @S required in (5.2.2) can be found by constraining
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T dmaxe = TOmax and then, finding the minimum values of each limits for all Ty € [Ty, .., Tin..]- In
the following, we provide an example for the case of Ty . < 2K7Q% < T,  :

. . Ty : Ty
Ty = = —2 b 202 — —Z b 2.1
dmax — I { Tde[Tdmﬁl,gll(Tanax] 2K ’Tde[sz%lénI:x,Tdmax] ( max 2KT> } (5:2.13)

. Td i Td
= “Cming (202 - —mex
mm{zKTb,< ax 2KT)b},

Temax = T¢max7 (5.2.14)
. . TdL . TdL
T = = LK Q%  — 22— 5.2.15
s = D { rem, B or T4 meprml g DR = = } (5:2.15)
T, L T, L
= min {%‘%,LKTanaX - me}

The algorithms for the two other cases when 2K7Q2 < Ty < Ty and Ty . < Ty . <

2 . . . .
2K .. are obtained similarly. This completes the proof. O
<4Qrzm _ E) b \
Kr
=P,
T, =7,

) —db = t
€ Kr .
S
N

T,
8 <2n§m - l) b S
3 Kr
g
5 0
o T,
b= Kr
=
3 T

%
~ Xy

— <4sznax — E) b
Kr
—LK.Q? KrL KL 0 KrL KrL  LKQ2,
2 4 4 2

Yaw torque Ty,

Figure 5.2.2: Illustration of the polytopes P; and Py from (5.2.4)—(5.2.5) in comparison with a
feasible choice of the constraint set Uy from (3.5.5) when Ty < 2K7Q2 .

Then, by using the feedback linearization law Tj; = T}, from (2.4.1a), we can find the range
of the desired thrust 7, as required in (5.2.2):

m|U, = g| < T, < my U2+ U2 + (U. + 9)?, (5.2.16)

with Uy, U,, U, the positive scalars defined in Proposition 2.4.2 and m the system mass. Thus,
by applying Proposition 5.2.1, we obtain the value of T, such that the following holds:

[T s Tena] © S(Ty), VT € [m|Uz . g|,m\/U§ U2+ (U, +9)2 ], (5.2.17)

with S(7y) from (5.2.1). By this, we achieve all the required elements for constructing the
NMPC scheme proposed in Section 3.5.
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Remark 5.2.2. Bear in mind that we need to ensure 0 < Ty . < Ty . < 4K7p0Q2 ., with O
the maximum rotor speed, as required by Proposition 5.2.1. Hence, this transforms into the

conditions on (U, Uy, U,) from (5.2.16) as follows:

0 <m|U, —g| < m\/Ug + U2+ (U, + g)? < 4K702 (5.2.18)

max*

To guarantee these, we only need to define T,y from (2.1.13) such that Ty, < 4K70Q2 It is

max*

due to the fact that U, < g is already established in (2.4.5) and m\/Ug + U2+ (U. + 9)? < Tonax
is imposed in (2.4.7). O]
Then, the desired torques T4 as in (5.2.1) are combined with the thrust 7, obtained from

the position controller at the high level to achieve the reference rotor speeds €2, inside the speed
calculator block (c.f. Figure 5.2.1):

QF = M 'y, (5.2.19)

r

with Q2 gathering the squares of the speed references, M the rotor-to-input configuration matrix
as in (5.1.3) and ug as in (5.2.1).

Since the condition T4 € S(T,) from (5.2.1) is fulfilled by the NMPC attitude controller, the
constraint 0 < M~'uy < Q2 asin (5.2.1) is guaranteed. This also ensures that the reference
rotor speeds €2, calculated in (5.2.19) do not exceed their maximum value Q. as in (5.1.4),
hence, do not trigger the saturation effect. Therefore, under nominal functioning, the proposed
control scheme ensures:

Q=Q,, u=uy (5.2.20)

with € the real rotor speeds obtained from (5.1.4), u the real input vector obtained from (5.1.7)
and ug the desired input as in (5.2.19). As the result, the closed-loop controlled system is stable
according to the hierarchical control design theory detailed in Section 2.3 since the feedback
linearization position controller at high level is globally asymptotically stable from (2.4.16) and
the NMPC attitude controller is also exponentially stable from Lemma 3.1.1 (i.e., under nomi-
nal consideration). Hereinafter, we show the implementation formulation of the nominal NMPC
attitude controller presented in this section. The controller is given in the standard discrete
NMPC form with the prediction model discretized at the same NMPC rate (c.f. the NMPC
sampling time ¢ and the model discretization step A as in (3.1.12)—(3.1.13)).

NMPC design for the nominal attitude controller:

The NMPC attitude controller runs at the sampling time J,; with its open-loop optimization
problem at time step k given in discrete form as follows:

Np—1

ain 3° ( [ms)ﬁ—(;)m(k)} "o [ms); nd(k)} L TR 7"(5)) (5.2.21)

. [nw%)(]—v 3“("’)] "p [U(Np) - nd(k?)} |
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[ discrete model with discretization step Oatt

obtained from the following continuous model:
n=W-1lh, w=J"1-wx (Jw)+T),
state constraints as in (3.5.4):
{(6(s)], 10()]) < €mass (|@()], @y (5)]) < Winass
torque constraints as in (5.2.1)
T(s) € S(Ty(k)),

terminal stabilizing constraints as in (3.5.24)

[ﬁ(Np) - nd(k)] c B*(nd(k?>>,

subject to

(V)
initial conditions:
\ 1(0) = n(k), 2(0) = Q(k),
along the prediction horizon, i.e., for all s € {0,..., N,},

with Q € R%*6 R € R3*3 the positive definite weighting matrices as in (3.3.3) and P € R6%6
the terminal weighting matrix resulted from the Lyapunov equation (3.3.5). The notations
with a “bar” above denote the variables employed within the prediction model as similar to
their usages in (3.1.4). Le, T = [7‘¢ To 7’¢]T are the predicted torques acting on the prediction
model. Furthermore, 74(k) € R3 represents the desired values of the three Euler angles and Ty (k)
is the desired thrust, all obtained from the position controller at the high level at time step k.
The terminal constraint set B (n,(k)) is constructed as in (3.5.24) by using the parameters T pax
given in (5.2.2).
Solving the problem (5.2.21) provides an optimal sequence of torques: [T*(0),..., T (N, — 1)]
and according to the standard MPC strategy, the desired torques T4(k) are taken as the first
element from the optimal sequence:

Ta(k) = T7(0). (5.2.22)

5.2.1.2 Under fault functioning (with i rotor stuck)

Once the fault is detected and the information of the faulty rotor (considered in this section to
be the i one) as well as its stuck speed (denoted by €; ; as in (5.1.5)) is available, the attitude
controller reconfigures to no longer attempt to control the yaw angle (recall also Figure 5.2.1).
It provides only the desired values of the roll, 7,,, and pitch, T,, torques to track the roll, pitch
angle references, ¢4 and 6, as in (2.4.1b)—(2.4.1c) provided by the position controller at the high
level (i.e., cut off the two signals with dashed red slashes from the control scheme in Figure
5.2.1). Then, the speed calculator block provides the three reference speeds €2,.;; (as defined in
(5.1.12)) for the three remaining healthy rotors (those of indices {1,2,3,4} \ {i}) as follows:
02, = M, "Gy — M, ' M2 (5.2.23)
with Uy = [Ty T4, To,]" as in (5.1.8), M; € R3 from (5.1.9), My; € R¥3 from (5.1.10) and €, ,,
as in (5.1.5) the stuck speed of the faulty i** rotor. The formulation (5.2.23) is obtained through
the calculating steps: i) introducing the stuck speed €2; ,, into the nominal rotor-to-input relation
(5.1.3), ii) disregarding the last row corresponding to T,, and iii) solving the resulted full-rank
system of linear equations for €2, ;. The calculation is illustrated in the following for the case of
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the 1°* rotor being stuck (i = 1):

Td KT KT KT QQ KT
Tea| _ |—LEr 0 LKrp 2r 0 )
To, 0 LKy 0 ggT T LKy Qo (5.2.24)
[— ] i, >4
~~ - 02,
ﬁd J/\Z!l 7,11 J/\Zl

In order to complete the references for the four rotor speeds €2, as in (5.1.11) (c.f. Figure 5.2.1),
we simply use the stuck value €, from (5.1.5) as the reference for the faulty i'* rotor. Thus,
under stuck fault, the speed calculator block provides €2, as follows:

Q2 =1, + 1,7, (5.2.25)
with I, .; € R" the ith column of I,, and I nti € R*(n=1) gathering all the other columns except

the " column of the identity matrix I, € R™". Let us illustrate the result of the speed
calculator block under stuck fault (5.2.25) for the case of the 4" rotor being stuck (i = 4):

Q =107, 95,03, Q1. (5.2.26)

with €, calculated by (5.2.23), the reference of the healthy j™ rotor and € ,, as in (5.1.5) the
stuck speed of the 4™ rotor.

Furthermore, by simply constraining the three remaining healthy rotor speeds references €2,.); as
in (5.2.23) to stay within their magnitude bounds [0, Qy.x], we arrive to the constraints on the
two desired torques (T 4,, Tg,) similarly to the constraints in (5.2.1):

7 es= { 7o ewe

with all the employed notations taken from (5.2.23). Even though the formulation (5.2.27) looks
convoluted at the first glance, the set S;(Ty) from (5.2.27) is as simple as a normal 2-dimensional
polytopic region which will be illustrated through an example considering the case of the 1%
rotor being stuck.

d max

Ty,

Ty
0< My Ty, | — M MQ;, < Q2 } (5.2.27)

Example 5.2.3 (Construction of the torque constraint set S;(7}) as in (5.2.27)). When the 1
rotor being stuck at the speed of 1, as in (5.1.5), the torque constraints within the set Sy(Ty)
from (5.2.27) with T the desired thrust received from the position controller at the high level are
explicitly given by:

1 1 1
0 2Ky  2LKp _Z%KT T, 1 1
ol <| 0 0 To,| — | =1 Q1, < [1] Q2. (5.2.28)
LKT ’
0 1 1 1 To, 1 1
_ g
_QKT 2LKT QLKT_ M\Elf\/f\l

with L, K7 as in (5.1.3) the physical parameters and Qe the mazimum rotor speed of the
quadcopter system. The constraints are then clearly transformed into a 2-dimensional polytopic
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representation as follows:

T [__1 1 ] T,
Q% a o717 _QLKT _2LKT Q?’naz + Q% a o1
’ 2Kt 1 T ’ 2K+
—2 < 0 vd| < Q2. — 02 : (5.2.29)
1, LK T mazx 1,
T, T Oa T,
Q%a_ a 1 L Q%nax—i_Q%a_ :
©O2Krd | OTK, 20Ky " 2Ky
which 1s illustrated in Figure 5.2.3 by the blue polytopic region. U
To, +
d 2LKTQ%7O(
— Ty + 79, < Tyl — 2LEK1O3 hSE it
o Ty 7, 2 Tal — 2LEp( Q2 + 3 | 2 L X
— Tp, — To, Z QLKTQ%Q — TdL / \x '0" \
=== T¢d — ng S 2LKT(Q?naX + Q%,a) — TdL | \x ".’
70, < LKp(Q2, — Q%) | R
o> LK, | Tl = 2RO + )
—1 Polytope Sl(Tci) L T

o Ty
Figure 5.2.3: Illustration of the polytope S1(Ty) defined in (5.2.27).

Remark 5.2.4. The polytopic region S;(7}) illustrated in Figure 5.2.3 implies a possibility to
construct an admissible set of the torques (T,,, Tg,) which remains the same under different
stuck rotors (i.e., the intersection of the four polytopes S1(7y), . .., S4(Ty) as defined in (5.2.27)).
However, bear in mind that the resulted admissible set still depends on the value of T,; and
furthermore, being smaller than the original set S;(Ty) (with ¢ numbering the faulty rotor) due
to the intersect operator. Hence, this direction requires more convoluted computation without
any qualitative gains and even leads to more conservative results. 0

After constructing the torque constraint set S;(7y) as in (5.2.27), the following proposition
will summarize the saturation-avoiding results of the set and provide the predicted model of
the yaw torque which is not provided by the reconfigured controller under fault, but by the
open-loop behavior (5.1.3) of the quadcopter.

Proposition 5.2.5 ( [Nguyen et al., 2020d]). Let us consider the i rotor being stuck at the
speed of Q; o (i € {1,...,4}). Recalling the FTC control scheme in Figure 5.2.1, the reconfigured
attitude controller constrains the desired torque values Ty, and Tg, to be within the set S;(Ty)
from (5.2.27) with Ty the desired thrust obtained from the position controller. The speed calculator
block provides the speed references €. from (5.2.25). Then, the following hold:

i) the actual values of the four rotor speeds Q; ., € R* (i.e., gathering three healthy rotor speed
and the stuck speed of the it rotor) as in (5.1.7) and of the thrust, roll and pitch torques
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gathered in U € R3 defined as in (5.1.8) (all calculated from the rotor-to-input relation
(5.1.7) ) equal their references (§2.,Uq) as in (5.2.23):

Qi,a - Qr, (5230)
U =Ty (5.2.31)

ii) the uncontrolled yaw torque Ty as in (5.1.3) is given by the following formulation:
Ty = 4(=b)'Q7, + M4:I4,!z‘-]/\4\1;1ad7 (5.2.32)

with b the physical parameter from (5.1.3), My. the 4" row of M, M\;Z from (5.1.10), Uy
from (5.2.23) and Q; ., the stuck speed of the faulty i™ rotor.

Proof. The constraints (5.2.27) on the desired torques T4, and Ty, enforce the rotor speeds
references under fault €2,., as in (5.1.12) (provided by the speed calculator block) to stay within
their limitation [0, Qmay| from (5.1.4), hence, not being affected by the saturation. This ensures
that the real speeds of the four rotors being equal to their references as stated in (5.2.30) of
point i) which also includes the case of the i*" stuck rotor since its reference is the actual stuck
speed €2;, as defined in (5.2.25). As the consequence, the real thrust and roll, pitch torques
u=[T T, Ty partly calculated from (5.1.3) equals their desired values U, due to the calculation
in (5.2.23), completing point i) of the Proposition.

Next, the uncontrolled yaw torque T still admits the rotor configuration from (5.1.3) of the
quadcopter, hence, by applying the rotor-to-input relation (5.1.7), it is calculated by:

Ty = M2, (5.2.33)

with My, the 4™ row of the matrix M as in (5.1.3). Next, by using €7, = Q2 from (5.2.30) at
point i), then, introducing the reference speeds 22 from (5.2.25) to (5.2.33), we have that:

Ty = My (14597, + 1197, | (5.2.34)
— M, (I4,:¢Q?,a + I, (A?,;lad . AZ;lz\ZQia)) , (by using (5.2.23))
= My <I4,:z' - I4,!i]/\/7!i_1j/\4\i> Q7+ M4:I4,!i]/\/7[2‘_1a\da
= 4(—b)i9?,a + M4:I47!i]\/4\gflﬁd,
in which M. (I4,:i — I47[i]/\2!;1]/\4\i) = 4(—b)? due to the construction of M in (5.1.3). This also
completes the proof. O

The representation of the yaw torque T, given in (5.2.32) may causes some implementation
difficulties since the notation changes depending on the number of the stuck rotor. Thus, we
show their explicit formulations in the following:

b 0 2b
Kr LKy
T under fault of 1% rotor -0, b 2b T
T, under fault of 2" rotor| | bQ3, N Ky LKp 0 Td (5.2.35)
T, under fault of 3" rotor | — | —bQ23 b 0 2b 7'¢d ’ -
T under fault of 4" rotor bQia IgT ol LKy &
Ky LKy 0 i
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with b, Kr, L the parameters from (5.1.3), €, , the stuck speed of the faulty i'" rotor (i.e., the
notations do not constrain the rotors to remain stuck at the same speed) and (Ty, Ty,, To,) as
in (5.2.32) the desired inputs.

Next, we present the design of the reconfigured NMPC attitude controller. Since we control
only the two torques (T4, Ty) as in (5.1.3) (i.e., equal their desired values as shown in (5.2.31)),
the yaw angle i) and its derivatives ¢ is out of control. Thus, employing the terminal constraint
set B*(n4,¢) as in (3.5.24) which requires the control of the two aforementioned yaw variables
becomes infeasible. Therefore, in order to reduce the complexity of the design problem, we
decide not to use the terminal stabilizing constraints within the reconfigured NMPC attitude
controller but to employ a practical “long-enough” prediction horizon instead. The value is
found by conducting various simulation tests.

NMPC design for the reconfigured attitude controller under fault of the i'" stuck rotor:

The NMPC optimization problem employed within the reconfigured attitude controller running
at the sampling time Jd,; is given in its discrete form at time step k as follows:

r;lzr)lz < (As) — k)" Qs (i) — (k) + 8 (5)Qz B(s) + 7 (s)Rs %(8))7 (5.2.36)

discrete model with discretization step ¢t
obtained from the following continuous model:

n=W1le, w=J"Y-wx (Jw)+T),
yaw torque model as in (5.2.32):

—~
19

, T
Tols) = A=b)02, + Mi LM [Tulk) Tols) Tols)]
subject to state constraints as in (3.5.4):

(16(3)]:10()]) < €maxs (|@a(5)]: 10y (5)]) < winas
torque constraints as in (5.2.27):

T(s) € Si(Tu(k)),
initial conditions:
| 7(0) = n(k), Q0) = Q(k),
along the prediction horizon, i.e., for all s € {0,..., N, },

with Q7, Qz, R € R**? the positive definite weighting matrices. The notation with a “hat”
above is defined as in (5.1.8), e.g., ) = [(5 é}T, o= [(Dw Cuy}T, T = [’7‘¢ ’7_'9}T while the notations
with a “bar” above denote the variables employed within the prediction model as in (5.2.21).
The prediction horizon NV,,, is also chosen to be longer than N, as in (5.2.19) under the nominal
functioning.

The reconfigured attitude controller provides the desired torques T4 = [7’ 602 T d] " taken as the

first element among the optimal solution sequence [3:' *(0), T *(Np)] ;
Ta=T (0). (5.2.37)

Note that, by constraining the predicted torques T (s) along the prediction horizon N, to stay
within the set S;(Ty(k)), Proposition 5.2.5 is validated. Thus, the predicted yaw torque T (s)
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employed within the NMPC design (5.2.36) can make use of the formulation (5.2.32). Further-
more, Proposition 5.2.5 also provides that the actual values of the thrust and the roll, pitch
torques U = [T T4 Ty| as in (5.2.31) equal with their desired references Uy = [Ty T4, To,| with
T, provided by the position controller and (7,,Tg,) obtained from the reconfigured attitude
controller (5.2.36). The actual roll, pitch angles (¢, ) as in (3.5.2) asymptotically track their
references (¢g, 04) provided by the position controller as in (2.4.1b)—(2.4.1c). These ensure the
stability of the whole hierarchical control scheme.

Both the nominal and reconfigured attitude controllers given in (5.2.21) and (5.2.36) aim to
enforce the actual rotor speeds to equal their references even under a single stuck rotor. Making
use of these properties, in the next section, we introduce a design of the fault diagnosis module
operating at the low control level as shown in Figure 5.2.4.

5.2.2 Fault diagnosis module

The proposed fault diagnosis module calculates a residual vector d which describes the differ-
ences between the actual normalized torque T from (5.1.3) (i.e., estimated by an input observer
based on the measurement of the angle rate w) and its desired value T, - obtained by using the
four desired rotor speeds €, as in (5.2.19). By analyzing the residual result, the module can
detect the stuck fault, identify the " stuck rotor and estimate its stuck speed €; ,.

$a,0a hlﬁ Toy, T, Speed Qr ( Quadcopter
’ Attitude - calculator system
v, controller —
" \ ) T Tyg I
(6 Qig) UM Angle rate @ :
|
r——————————————— W >————- » «—— «—
Rotor speeds - 4  Observer

|
: references Q, Residual vectord
|
| lall >y
|
| |
| Yes |
I y . N
' i*" rotor [ [Stuck rotor | 1 2 3 4 |
Stuck speed estimator | stuck d, 0 |—AQ%Z © AQZ
02, = (1)ids + 03, d; |-A0F 0 | AQF| O
‘ ds —AQF| AQ3 |—AQF| AQF |

Figure 5.2.4: Fault diagnosis module for detecting the stuck fault of the quadcopter system.

Torque normalization:

Regarding the rotor-to-input relation as in (5.1.3), the torques T = [T, Ty Ty]' are calculated
as the differences between the rotor speeds multiplying with some constant parameters assumed
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known. In order to simplify the analysis presented in the followings, we define the normalized
torques which are actually the torques 7 divided by the parameters and depend only on the
actual rotor speeds:

(5.2.38)

~ WQ? under nominal condition,
WQ? | if the i rotor stuck,

[Ne%

with €, Q;,, from (5.1.7) and the matrix W € R3** defined as:

0 -1 0 1
1 0]. (5.2.39)
1 1 -1 1

Note that the explicit relation between T and 7 is given as follows:

~ 1 1 1
T =di — Y —, = T 5.2.40
oe{ T i3 | (5.2.40)
with L, Kr,b the physical parameters from (5.1.3).

Next, by a similar way, we also construct the normalized desired torques T4 as follows:

Ta= W (5.2.41)

with €2, the rotor speeds references obtained by (5.2.19) under nominal functioning and by
(5.2.25) under fault of the i stuck rotor. Then, it is straightforward to see that if the residual
vector is taken as the difference between 7 and T4 as in (5.2.38)(5.2.41), it obviously shows the
differences between the real rotor speeds €2 and their references €2, and hence, any mismatches on
their speed tracking due to the stuck fault can be easily detected. However, we do not have any
direct measurement on the rotor speeds, hence, an estimation of T is essential to obtain. This
is done through the rotation dynamics (3.5.2b) and the available information of the angle rate w.

Torque observer (yellow block in Figure 5.2.4):

The observer makes use of the Euler discretization of the rotation dynamics Jw+4w x (Jw) = T as
in (3.5.2b). By applying the backward Euler method to the rotation dynamics given in (3.5.2b),
we have that:

wk) —w(k—1)

5FDI

To(k)=J <

with 7,(k) the estimated torque at time step k, w(k) the angle rate, dppr the sampling time of
the FDI module (can be chosen smaller than the sampling time of the attitude controller J,¢
as in (5.2.36) to enhance the accuracy, but being limited by the feedback rate of w). It has
been shown in [El Assoudi et al., 2002] that the construction in (5.2.42) yields a stable observer
in the case where the errors between the actual continuous states and the discrete ones can be
neglected. Then, the normalized estimated torque T p is calculated by dividing each element of
T, from (5.2.42) by their corresponding constant parameters as similar to (5.2.40):

> +w(k) x (Jw(k)), (5.2.42)

~ ) 1 1 1
Tp(k) = diag {L—KT’ LK, E}Tp(k)u (5.2.43)

with L, Kr,b the physical parameters from (5.1.3).
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Remark 5.2.6. The torque observer as in (5.2.42)—(5.2.43) requires a high-accuracy-and-frequency
feedback of the angle rate w and a good modeling of the quadcopter system. The first require-
ment mostly depends on the quality of the gyroscope installed within the platform. According
to the latest updates in [Passaro et al., 2017], the recent gyroscope techonologies can achieve a
very high precision, e.g., 0.08°/vhour (degree per root hour) Angular Random Walk with the
frequency of up to 2000 Hz [IMU, 2019]. Furthermore, the angle rates values can be re-filtered
before introducing them into (5.2.42) as detailed in [Kownacki, 2011, Jiang et al., 2012].

Next, a good modeling is possible to obtain but requires a sophisticated system identification
process [Doniselli et al., 2002, Bottasso et al., 2009, Previati et al., 2009, Doniselli et al., 2002],.
For example, the work in [Bottasso et al., 2009] considers the same rotation dynamics as in
(3.5.2b) and proposes a method estimating the values of J with 5% of accuracy. Also, the
aerodynamics parameters Kp,b as in (5.2.43) can be measured following the procedure given
in [Forster, 2015, Luis and Ny, 2016]. O

Residual vector and its functioning:

Recalling the FDI module scheme in Figure 5.2.1, the residual vector d £ [dl ds dg} Tis simply
taken as follows:
d=T,—Ta, (5.2.44)

with T », the estimated normalized torque as in (5.2.43) and T 4, the normalized desired torque as
in (5.2.41), both taken at the same time instants. Note that, formulation (5.2.44) should be given
in the discrete domain due to the usage of T, (k) in (5.2.43), i.e., d(k) = T, (k) — T 4(k). However,
we hide the time step k from (5.2.44) since taking two signals at the same time instant is clear
from the context and furthermore, it simplifies the formulations presented in the following.

Proposition 5.2.7 (Fault detection [Nguyen et al., 2020d]). Let us consider the residual vector

d 2 [dl dsy dg]T calculated as in (5.2.44) and the quadcopter system controlled by the control
scheme detailed in Section 5.2.1. The followings hold:

1) If the attitude controller given in Section 5.2.1 is functioning in the appropriate mode,
i.e., nominal mode (c.f. Section 5.2.1.1) under nominal case and under-fault mode (c.f.
Section 5.2.1.2) corresponding to the right scenario (i rotor being stuck at ;. ), then the
norm of the residual vector ||d|| varies around zero:

Id]| ~ 0. (5.2.45)

2) If the real rotor speeds are not tracking their references, then, the norm of the residual
vector ||d|| varies around a non-zero value. More precisely, we consider two following
scenarios:

2a) If the attitude controller given in Section 5.2.1 is functioning in the nominal mode
(c.f. Section 5.2.1.1) and the it rotor is stuck at the speed of Q; o, then we have that:

Id|| ~ v2(Q7, — Q2. (5.2.46)

with Q;,, the speed reference of the it rotor.

2b) If the attitude controller given in Section 5.2.1 is functioning in under-fault mode
(c.f. Section 5.2.1.2) corresponding to the right i'" stuck rotor but with the wrong
stuck speed $2; o, in comparison with the actual stuck speed §2; o, then:

lall ~ v2|9%, —

'L,aw|'

(5.2.47)
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Proof. We construct the proof by assuming that the torques estimator as in (5.2.42)—(5.2.43)
works properly and provides that the values of the estimated normalized torque T p from (5.2.43)
which vary around the actual normalized torque value 7 from (5.2.40). Then, we have that:

dnF o7, — { W(Q* - Q?), urilder nor.ninal funct%oning, (5.2.48)
W (S, — Q2), with the i rotor being stuck,

with W from (5.2.39), €, the reference rotor speeds and €2, Q; , the actual rotor speeds under
nominal and faulty cases.

At first, for point 1), under both considered scenarios, the attitude controller ensures that the
actual rotor speeds equal their references, i.e., 2 = €, as in (5.2.20) for the nominal functioning
case and Qia = Q2 as in (5.2.30) for the under-fault case (i.e., under fault, we provide the stuck
speed Q;, as the reference for the i stuck rotor). Therefore, from (5.2.48), we obtain that:

d=~0, (5.2.49)

which also validates (5.2.45).

Next, regarding both scenarios considered at point 2), their common problem is that the i
faulty rotor (i € {1,...,4}) becomes stuck at the speed of €2; , as defined in (5.1.5) and does not
follow its reference, given by the nominal reference ;. as in (5.2.46) and the constant reference
(i.e., incorrect stuck speed) €2;,,, as in (5.2.47). Hence, the norm of the residual vector d varies
around a non-zero value:

d ~ W;AQ2, (5.2.50)

in which, W; is the i** column of the matrix W from (5.2.39). The term AQ? describing the
speed tracking mismatch of the i*" rotor is defined as follows:

2,77

Q7, — Q. , under point 2b,

GOty ?

AQ? — { Q7,—QF,, under point 2a, (5.2.51)

with €, ., ©;, and Q; ., given as in (5.2.46)—(5.2.47).

Due to the construction of W from (5.2.39), |Wi|| = v/2,¥i € {1,...,4} which further provides
||| ~ ||W;|||AQ2| = V2|AQ?|. This validates both (5.2.46)(5.2.47) for the cases 2a) and 2b),
hence, completing the proof. O

From Proposition 5.2.7, the two faulty scenarios 2a (5.2.46) and 2b (5.2.47) can be distin-
guished from the point 1 (5.2.45) and be detected by checking the value of ||d|| over a threshold
v € Ry (c.f. Figure 5.2.4):

|| > ~. (5.2.52)

Designing the value of v requires to take into account the realistic speed speed tracking delays of
the rotors, the mismatch on the measurement of w and the noises caused by the torque observer
from (5.2.42) and, not in the least, various uncertainties affecting the system as detailed in [Hasan
and Johansen, 2018]. A feasible design for v can be taken as:

v =V2802, (5.2.53)

with 8 € (0, 1) the tuning parameter describing the ratio of the acceptable tracking error (e.g.
7, — Q7] as in (5.2.46)) to the maximum squared speed Q2 as in (5.1.4).

After detecting the two faulty scenarios 2a (5.2.46) and 2b (5.2.47), the following proposition
details how to isolate the faulty rotor and estimate its stuck speed. The work makes use of the
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formulation (5.2.48) under the same assumption of the torque observer (5.2.42)—(5.2.43) properly
functioning. We will show that the i stuck rotor can be isolated by comparing the values of
the three elements of the residual vector d = [dl dy dg}T as in (5.2.44) and its stuck speed can
be obtained as a consequence.

Proposition 5.2.8 (Fault isolation and estimation [Nguyen et al., 2020d]). Let us consider two
scenarios 2a (5.2.46) and 2b (5.2.47) from Proposition 5.2.7. After detecting the faults, the i
faulty rotor can be isolated (i.e., re-checked for scenario 2b) by using the look-up Table 5.2.1 in
which the residual vector d = [dl dsy dg} is from (5.2.44) and the notation AQ? is defined in
(5.2.51).

Stuck rotor 1 2 3 4
dq 0 —AQ2 0 AQ?
do —AQ? 0 AQ2 0
ds —AQ7 | AQ3 | —AQ2 | AQ?

Table 5.2.1: Stuck rotor identification.

Next, after obtaining the index i, the actual stuck speed ;o is estimated by:

7,77

(—1)ids + Q? under point 2b of Proposition 5.2.7,

B3Oty ?

02 = { (—=1)ids + Q2. wunder point 2a of Proposition 5.2.7, (5.2.54)

with €; o the actual stuck speed of the it" rotor and Qir, Qi g, two references under two cases 2a
(5.2.46) and 2b (5.2.47) of Proposition 5.2.7.

Proof. The look-up Table 5.2.1 is constructed by using the relation d ~ W;AQ? as in (5.2.50)
with W; the i*" column of W from (5.2.39). Then, by generalizing the last row of Table 5.2.1,
we arrive to: A

ds ~= (—1)"AQ2, (5.2.55)
with AQ? as in (5.2.51), which further leads to the use as in (5.2.54), completing the proof. [

Note that, due to realistic noises and implementation mismatches, it is not required to check
it the values of the three elements of the residual vector d = [dl dy dg} as in (5.2.44) follow
exactly the indications given in Table 5.2.1, e.g., to check the condition dy = d3 for identifying
if the 1" rotor being stuck. The isolation algorithm can be relaxed by only checking the signs of
the elements (dy, ds, d3). Hereinafter, we summarize all the steps to establish the whole process
of the proposed diagnosis module.

Procedure 5.2.9 (Fault detection, isolation and estimation procedure [Nguyen et al., 2020d)).

1. Fault detection:
e Check ||d|| > 7 as in (5.2.50). If Yes, continue to Step 2. If No, come back to Step 1.

2. Fault isolation:
e Find the the element d; having the largest magnitudes among (dyi,ds). (since according
to Table 5.2.1, the value of ds is always affected directly by the fault).
o Check the signs of d; and ds according to Table 5.2.1 in order to isolate the it stuck
rotor. E.g., if j =1 and sign(d;) = sign(ds), then, i = 4.
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3. Fault estimation:
e Calculate the actual stuck speed of the it faulty rotor by using (5.2.54).

5.3 Trajectory tracking under a stuck fault event

In this section, we present the simulation validations of the proposed FTC scheme given in
Figure 5.2.1 under a trajectory tracking scenario [Nguyen et al., 2020d]. We employ again the
model of the Crazyflie 2.0 quadcopter system given in [Luis and Ny, 2016] as already introduced
in Section 2.2.6.1. The only difference is that the input constraints as in (2.2.49) are replaced
by the saturation constraints on the rotor speeds from (5.1.4):

Qmax = 22000 rpm. (5.3.1)
Also, the values of the physical parameters L, K7, b employed in (5.1.3) are given by:
L =0.065m, Kr=3.16 x 107'° N/rpm?, b= 7.94 x 107'* Nm/rpm?. (5.3.2)

The implementation is as follows. The FTC controller (including the two control layers and
the fault diagnosis module as in Figure 5.2.1) is implemented in Python in which, the NMPC
controllers (5.2.21) and (5.2.36) employ the prediction model discretized by using the standard
forward Euler method and make use of the solver IPOPT [Wéchter and Biegler, 2006]. Then, the
control signals are given to a model of the quadcopter system as in (2.1.10) simulated through an
Ordinary Differential Equation (ODE) solver. Therefore, we can benefit from the short solving
time of Python and also the simulation accuracy of the ODE solver.

The reference trajectory is generated by using the B-spline parametrization of Section 2.2.3 and
by minimizing the length curve while simultaneously satisfying the system constraints, similarly
to the results given in Section 2.2.6.1. The reference trajectory &(t) = [x,(t) y(t) zr(t)}T
(plotted in dashed red line in Figure 5.3.1a) passes through three a priori given way-points
(given by red dots in Figure 5.3.1a):

&O0)=[0 0 0", &2 =[06 03 04], &@4)=1[04 06 0], (5.3.3)
while the yaw angle reference is fixed at zero along the simulation horizon, i.e. v,(t) = 0.

The position controller at the high control level employs the feedback linearization law given

in (2.4.1) and also shares the same parameters as shown in Table 2.5.1. It runs at the frequency
of 10 Hz (in comparison with 100 Hz for the attitude controller at the low level). The rate
difference is clearly observed in Figure 5.3.4a for the desired thrust 7y (red line) and in Figure
5.3.4b for the desired roll, pitch angles (solid red and green lines, respectively). We can see that
the desired angles are kept as piece-wise constant references for the attitude controller at the
low control level to follow.
Next, Table 5.3.1 gives the tuning parameters of the two NMPC attitude controllers: under
the nominal case as in (5.2.19) and under the stuck fault as in (5.2.36). We emphasize that
the values of Ty, , T4,.. and Tmax as in (5.2.2) are obtained by using the values of (U,, Uy, U,)
given in Table 2.5.1 and the other parameters regarding the nominal NMPC controller follow the
design procedure given in Section 3.5. For the under-fault mode, the chosen prediction horizon
has N, = 8 steps as employed in (5.2.36) and is enough to stabilize the attitude through the
various simulation tests. The NMPC sampling time d, defined as in (5.2.19), (5.2.36) and the
observer sampling time dpp; defined as in (5.2.42) are both fixed at 0.01 seconds.
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(a) 3D trajectory tracking results. (b) Position tracking results.

Figure 5.3.1: Trajectory tracking result of the proposed FTC scheme under stuck rotor fault.

We provide simulation results for tracking the reference trajectory given in Figure 5.3.1a using
the hierarchical FTC controller detailed in Section 5.2 under the following fault scenario:

- From 0 to 2.5 seconds: nominal functioning;

- From 2.5 to 3 seconds: the 4" rotor is stuck at its previous rotating speed (c.f. Fig. 5.3.2:
Wia; = Q1 Qmax With a3 = 0.66);

- From 3 to 4 seconds: the 4" rotor is stuck at another speed of Wiay = Q2 dnax With ag = 0.68.

10t
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—

Figure 5.3.2: Rotor speeds values under stuck fault simulation.

Firstly, the proposed FTC scheme ensures the trajectory tracking capability of the quadcopter
system. In Figure 5.3.1a, the simulation motion (plotted in solid green line) tracks well the
reference trajectory (dashed red line) while the position converges over time along the three
axes, as shown in Figure 5.3.1b. For the reader to easily understand the control challenge, we
provide the results of the four rotor speeds in Figure 5.3.2. Under the nominal operation from
0 to 2.5 seconds, all the four rotor speeds are varying over time. Then, from 2.5 to 3 seconds
(plotted within the blue rectangle), the 4 rotor is stuck at a; = 0.66 (i.e., being stuck at
the previous speed) and from 3 to 4 seconds (within the red rectangle), at ay = 0.68 which is
illustrated by the blue line remaining constant at two different values. Note that, even though
the change is only 2% but it is in the percentage of ., = 22000 rpm which is actually large
for the considered scenarios as can be seen by the clear jump at ¢ = 3 seconds of the blue line in
Figure 5.3.2. Also, the four rotor speeds clearly respect the maximum speed €. from (5.3.1)
which proves the validation of the torque constraint sets S(7y) as in (5.2.1) under nominal case
and 8,(Ty) as in (5.2.27) when the 4 rotor is faulty.
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The fault diagnosis module detailed in Section 5.2.2 succeeds in detecting the stuck faults within
two sampling time periods (0.02 seconds) by using the threshold v as in (5.2.52) with 3 = 1072
as given in Figure 5.3.3. This value represents an acceptable speed tracking mismatch of 10% of
the maximum rotor speed (., given in (5.3.1). Note that, a smaller value of vy can be employed
but may result in excessive sensitivity (i.e., false alarms). In Figure 5.3.3, we show that, when
the first stuck fault happens at ¢ = 2.5 seconds for the 4" rotor, both the values of d; (red line)
and ds (blue line) from the residual vector d = [d; dy d3]" as in (5.2.44) dramatically increase
exceeding the threshold value which clearly indicate that ||d|| > =, correctly serves its role as
condition for accurate fault detection (5.2.50). Furthermore, both d; and ds share the same
sign, i.e., having negative values which clearly point out the 4 rotor being stuck according to
the fault isolation scheme given in Table 5.2.1 and, furthermore, allow us to estimate the stuck
speed as in (5.2.54). After detecting the first fault, the attitude controller is reconfigured into
the under-fault mode as detailed in Section 5.2.1.2 in which, we no longer control the yaw angle
as can be seen from the yaw angle trajectory (blue dashed line) starting to decrease after ¢t = 2.5
seconds in Figure 5.3.4b. Using the reconfigured attitude controller (5.2.36) in the appropriate
mode (i.e., for the 4" stuck rotor) allows the residual vector to quickly converge towards zero
as can be seen from t = 2.5 to 3 seconds in Figure 5.3.3 until the second fault happens right
after that. The stuck speed of the 4" rotor changes from Qy,, (a1 = 0.66) to Q4.4, (a; = 0.68)
as shown in Figure 5.3.2. Once again, the values of d; and d3 from Figure 5.3.3 exceed the
threshold but this time, their values are positive which allows us to validate again the 4" rotor
being stuck and then, estimate the new stuck speed. Right after the attitude controller (5.2.36)
is reconfigured with the correct stuck speed (14 ,,, the residual values converges back to zero.
As a part of the fault diagnosis module, the result of the torque observer (5.2.42) is given in
Figure 5.3.4d. We provide only the estimated value of the roll torque 74, as in (5.2.42) plotted
as a solid green line since the estimated results are noisy due to the usage of the backward Euler
method in (5.2.42) (can be seen from the enlarging circle) which significantly reduce the clarity
of the figure.

Next, Figures 5.3.4b—5.3.4d prove the capability of the FTC attitude controller under both
nominal condition (i.e., its ability to track well the three angle references until t = 2.5 seconds
shown in Figure 5.3.4b) and under fault (i.e., to renounce the control of the yaw angle plotted
in dashed blue line from ¢ = 2.5 seconds but still track the roll, pitch angle references). Under
fault, the quadcopter starts rotating uncontrollably around its z axis which leads to the variation
of yaw angle and results in different vehicle’s orientation at the end w.r.t. the initial value (the
two vectors plotted in blue shown in Figure 5.3.1a). Under nominal functioning (from ¢ = 0 to
2.5 seconds), employing the NMPC controller with terminal constraint set as shown in (5.2.19)
ensures the tracking stability, hence, allowing the actual angles to reach their desired values
within 10 steps as can be seen from the enlarging circle in Figure 5.3.4b. Bear in mind that
under stuck fault, the reconfigured NMPC controller (5.2.36) does not employ the terminal
stabilizing constraints, thus, results in slower convergence speeds regarding both the roll, pitch
angles. Furthermore, as shown in Figure 5.3.4c, the two NMPC controllers keep the angular
velocities w, (plotted in red line) and w,, (plotted in green line) under their imit wyay = 2 rad/s
as given in (2.2.48). We also notice the chattering phenomena in the torque results given in
Figure 5.3.4d which is caused by the sudden change of the piece-wise constant angle references
(as shown in Figure 5.3.4b) and by the control effort of stabilizing the torques at their zero
equilibrium. Therefore, we have reduced the phenomena by decreasing the weighting values of
the torques (e.g., Rz = 0.0115 as in Table 5.3.1).

Finally, the computation time of the NMPC attitude controllers given in (5.2.21) and (5.2.36)
is plotted in Figure 5.3.5. It can be observed that under nominal cases, on average, the NMPC
controller (5.2.21) (plotted in red line) requires 49.5 milliseconds per step (given by blue line) to
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Figure 5.3.4: States and inputs results of the proposed FTC scheme under simulation.

compute which seems similar to the results given in Section 3.5.2 (where the average computing
time was 54 milliseconds as shown in Figure 3.5.2). The nominal controller also yields less
computing effort than the NMPC scheme under fault as in (5.2.36) (plotted in green line) with
the average computing time of 60 milliseconds. This is due to the use of the prediction model
for the yaw torque given by (5.2.32) and the longer prediction horizon N, =8 (w.r.t. N, =5
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Figure 5.3.5: Computing time of the NMPC attitude controllers (5.2.21), (5.2.36).

under nominal functioning as given in Table 5.3.1). We also notice that the computation times
are higher than the sampling time (i.e., 0.01 seconds) which would make the control strategy,
in its present form, unsuitable for implementation. However, as already discussed at the end of
Section 3.5.2, we strongly believe that employing various advanced works on speeding up NMPC
design (e.g., to refine the algorithm’s implementation [Zanelli et al., 2018] and/or use advanced
solving techniques [Gros et al., 2012, Gulan et al., 2017]) can alleviate the computation burden
of the proposed NMPC controllers (5.2.21), (5.2.36).

5.4 Concluding remarks and open questions

This chapter presented the design of a hierarchical FTC (Fault Tolerant Control) controller for
the reliable trajectory tracking of a quadcopter system under rotor saturation constraints and the
occurrence of a single fault of the “stuck rotor” nature. The high control level makes use of the
feedback linearization controller detailed in Section 2.4 which provides bounded desired values
of thrust and angles. The main contributions appear at the low control level which employs an
NMPC controller, a speed calculator and a fault diagnosis module. The NMPC controller and
the speed calculator function in two different modes: nominal and under-fault modes. Under
both cases, the aim is to avoid the saturation effects on the four rotors, hence, allowing the
actual inputs (thrust, torques) to equal their references, leading to the stability (and accurate
trajectory tracking) of the whole scheme. Particular details are summarized as follows:

- The nominal controller design employs the NMPC attitude controller using terminal sta-
bilizing constraints, as presented in Section 3.5. We also propose a transformation of the
saturation constraints on the four rotor speeds into constraints on the three torques by
making use of the bounded inputs property of the feedback linearization position con-
troller at the high level. The speed calculation block is taken as the inversion of the rotor
configuration matrix.

- Under stuck fault functioning, we provide an explicit formulation of a polytopic torque
constraint set (defined only for two torques, roll and pitch) which guarantees the speed
constraints. Then, a prediction model of the yaw torque is developed to facilitate the
design of an NMPC controller for under fault model. The speed calculator block provides
the speed references such that the faulty rotor receives its stuck speed as its reference.

- The fault diagnosis module constructs a residual multi-valued signal describing the dif-
ferences between the speed references and their actual values. The actual speed values is
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Parameters

Value

Sampling time

5att as in (5221)

0.01 seconds

N, as in (5.2.21)

5 steps

Ty . Ty..] asin (5.2.2) [0.202, 0.3486]
T max as in (5.2.2) 107* x [25 25 50] "
Emax a8 in (3.5.23) 10.3194
Lore, mae @8 i (3.5.36) 1.49 x 107
K asin (3.2.11) and (3.2.31) [—0.1I5 — 0.21;]
Nominal Q as in (5.2.21) diag{1,1,1,0.1,0.1,0.1}
functioning (5.2.19) R as in (5.2.21) 0.0113
R* as in (3.5.37) { 31, 155[3} 10
: 3.5251 5 514
P asin (5.2.21) [ 51, 25'2513]
N, as in (5.2.36) 8 steps
Q5 as in (5.2.36) I,
Under-fault e
functioning (5.2.36) (o as in (5.2.36) 0.1
R: as in (5.2.36) 0.011,

Table 5.3.1: Parameters of the NMPC attitude controllers (5.2.19) and (5.2.36).

estimated by a torque observer using the available feedback on the angular velocity. We
employ the backward Euler discretization method within the observer.

- The fault detection and isolation is done assuming no concurrent faults (at most, a single
rotor may be stuck) and is based on threshold breaking (detection) and sign and mag-
nitude analysis (isolation) of the residual signal. Furthermore, the residual’s values lead
to an estimation of the fault’s magnitude (i.e., the value, as percentage of the maximum
velocity, at which the rotor gets stuck). Thus, the fault diagnosis module (which con-
tains detection, isolation and estimation) is able to handle a fault occurrence and possible
piece-wise changes in the fault magnitude.

The proposed FTC scheme was validated through extensive simulations and shows promise for
future experimental tests. The NMPC controllers obtained an average computing time per step
of 49.5 milliseconds and 60 milliseconds under nominal and faulty cases, respectively. Various
questions remain open as topics of further research:

- What is the impact of the internal rotor dynamics on the control scheme, especially on the

fault diagnosis module?

- How is the robustness of the control scheme under measurement errors and/or dynamics

uncertainties.
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- How is the performance of the proposed method under real applications? The question
also includes the preparation process, i.e.: embedding the two NMPC attitude controllers,
the speed calculator block and the fault diagnosis module into the on-board controller.



Chapter 6

Conclusions and future developments

6.1 Conclusions

This thesis presented the design of reliable control laws for motion planning of a multicopter
system (with possible generalization for similar feedback linearizable systems) subject to state,
input constraints and unexpected events occurring in the system (e.g., actuator faults). The
chief theoretical notions on which this thesis hinged - differential flatness, FL (feedback lin-
earization) and NMPC (Nonlinear Model Predictive Control) were coherently merged together,
hence paving the way for original results on constrained trajectory generation and tracking con-
trol designs.

The control approach considered in the thesis was to generate off-line a feasible reference tra-
jectory with respect to the nominal functioning of the multicopter system and then, to design
an on-line tracking mechanism. Regarding the trajectory generation problem, we have exploited
the differential flatness property of the system for designing robust angular constraints against
possible modifications of the yaw angle during flight (e.g., for aerial photography/filming ap-
plications). The flat output was parametrized by using the B-spline curves properties (e.g.,the
curve lies inside a union of convex hulls, B-spline derivatives can be expressed as linear com-
binations of lower order B-splines) which allowed us to consider a minimum-length trajectory
generation algorithm subject to various system’s constraints though an optimization problem
with a standard quadratic cost function. The proposed approach was validated in simulation for
a generic indoor trajectory generation application and a building inspection scenario where the
vehicle’s direction was varying over time for pointing the mounted camera towards the building.
For the on-line tracking design, a hierarchical control architecture which decouples the scheme
into position and attitude control was proposed. At the high level the position controller calcu-
lates the position error and provides the desired thrust and angles to the attitude controller at
the low level to stabilize the system around the desired angles.

The originality of the contributions lies in the exploitation of FL controllers (and in particular
a computed-torque control for the attitude control problem) for various tasks related to NMPC
designs. We propose novel approaches for defining the necessary ingredients for guaranteeing the
stability, the recursive feasibility and also for reducing the computing time (in comparison with
existing approaches in the literature) of the NMPC schemes. The first direction is to construct
an invariant set with unlimited expandability which leads to an NMPC design with semi-global
stability guarantees. The design allows to tune the terminal constraint set such that it can
ultimately cover an arbitrary compact set containing the possible initial states and hence, the
prediction horizon length can be significantly reduced while still ensuring the closed-loop sta-
bility. The second approach is to employ a relaxed invariant set as the terminal constraint set

154
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within the NMPC design. The set guarantees the presence of the state within itself at predefined
periodic time instants (i.e., not at all times as considered for the standard invariant set), and
hence, can be described in simple box-type constraints. These mitigate the complexity of the
NMPC optimization problem and hence, remarkably reduce the computing time in comparison
with using the terminal invariant set with similar size. Next, after simplifying the terminal
constraints as done in the foregoing approach, we eliminated them and tried to guarantee the
stability of the NMPC design only by using a “long enough” prediction horizon. We observe
that using the aforementioned FL controller greatly enhances the design in the sense that the
required prediction horizon length is much shorter than when using a standard linear controller
(but still being impractically long for real applications).

The contribution also includes the design of an hierarchical optimization-based FTC (Fault Tol-
erant Control) scheme to counteract the stuck rotor fault for a quadcopter system in which the
high level employs the FL controller while the low level switches between two different NMPC
schemes according to the system’s functioning states (healthy or under fault), both guaranteeing
that the rotor speeds do not exceed their limit. We applied a set theoretic method to transform
the rotor speeds constraints into the saturation constraints on the torques and hence, were able
to apply the proposed NMPC design with guaranteed stability (which was done for the general
multicopter system without specifying the rotors). A model of the uncontrolled yaw motion
under fault was constructed which allows the prediction dynamics employed within the NMPC
controller to be more realistic. We also proposed the design of a fault diagnosis module for
detecting the stuck fault based on the differences between the estimated and reference rotor
speeds.

Throughout the thesis, the contributions were validated under extensive simulations and part of
them were applied for real experimental tests over a Crazyflie 2.0 quadcopter platform. Their
effectiveness was highlighted via comparisons with several existing approaches (e.g., to employ a
linear controller to design an NMPC scheme as in the quasi-infinite horizon NMPC approach).

6.2 Future developments

Throughout the manuscript, we have provided several open questions and remarks on feasible
improvements at the end of each chapter. Some questions have been answered later on, at other
parts of the thesis (e.g., a question about another control candidate for the position controller
at the end of Chapter 2, page 52 is answered by the NMPC designs given in Chapter 4) yet,
most of them still remains open and are classified into several large topics hereinafter.

1) Account for disturbances: The first improvement which can be made is to consider more
uncertainties within the trajectory generation and also the control design. One example is to
add bounded disturbances (e.g. caused by wind gusts [Hasan and Johansen, 2018]) into the
dynamical system of the multicopter, then, take them into account when designing the con-
troller and when analyzing the stability property. For solving this, a feasible solution is to adapt
the proposed NMPC designs with (nominal) stability guarantees by using tube-based NMPC de-
sign [Alvarado et al., 2007, Mayne and Kerrigan, 2007, Yu et al., 2013]. The tube-based approach
guarantees that the state always stays inside the predefined tube in the presence of bounded
disturbances and furthermore, the nominal stability property established in this manuscript can
be re-used for an analysis on the stability of the tube-based NMPC design [Alvarado et al.,
2007].

2) Consider parameter uncertainties: Regarding the multicopter dynamical system as in
(2.1.10), besides the mass m which is relatively easy to obtain, the inertia tensor J also plays an
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important role in the control designs but is well-known for its complicated measuring procedure
(c.f. Remark 5.2.6). Therefore, a mismatch on the value of J always exists in real applications
and should be taken into account in the control design. One existing solution is to develop
an adaptive law which compensates the estimated value of J as proposed in [Achtelik et al.,
2011, Navabi and Soleymanpour, 2017]. However, note that these methods are not straightfor-
ward to apply under input saturation constraints as considered in the manuscript.

3) Enhance and generalize the NMPC scheme with stability guarantees: The contribu-
tions on the NMPC designs of this thesis are based on the use of the appropriate local controllers
(required to design NMPC schemes with guaranteed stability), i.e., the FL (Feedback Lineariza-
tion) controllers which better fit with the strongly nonlinear dynamics of a multicopter, than the
standard linear constructions. Even though they succeed in dealing with the NMPC designs us-
ing terminal stabilizing constraints as considered in Chapter 3 and Section 4.2, their application
for the NMPC design without terminal stabilizing constraints, i.e., still providing the extremely
long prediction horizon lengths (c.f. Table 4.3.1), raise the question: How to determine an ap-
propriate local controller for designing an NMPC' scheme for a specific system?

Indeed, this is a big question due to the variety of system’s types and various control designs pos-
sibly employed. For now, we are working on part of the problem. More precisely, by combining
all the results presented in Chapters 3 and 4, we aim to construct an NMPC design framework
for feedback linearizable systems including the partial FL case [Charlet et al., 1989,Spong, 1994].
The direction shows promise since the established elements, e.g., the input constraint satisfac-
tion by using Taylor’s approximation and the invariant set construction based on the resulted
linear stable system as detailed in Section 3.2 for the computed-torque controller, hold for a
general FL controller and hence, offer a possibility of generalizing the proposed NMPC designs
for similar feedback linearizable systems. However, since a FL controller is totally based on the
dynamical model of the system which probably contains errors and mismatches, we also want to
take them into account as already stressed out in the foregoing paragraph as our first concern.
Furthermore, we also look for different control candidates. For example, the multicopter dy-
namics actually admit a passivity-based controller [Ha et al., 2014, Meissen et al., 2017] which is
capable of taking into account uncertainties (e.g., the mass as in [Ha et al., 2014] and supensed
load as in [Meissen et al., 2017]). We positively believe that using this candidate control law
can mitigate the robustness issues and provide a structural framework for designing an NMPC
controller with guaranteed stability.

4) Extend for multi-agent control problems: The next extension which can be considered
is to adapt the proposed controllers for multicopters formation control problems. For the tra-
jectory generation part, the approach of using differential flatness and B-spline parametrization
as proposed in Section 2.2 can be directly applied for the scenarios considering static obstacles
while it needs to be simplified for on-line configuration when considering moving ones. Then,
regarding the tracking mechanism, using an NMPC scheme allows us to take into account colli-
sion and obstacle avoidance by simply adding appropriate terms into the cost function [Prodan
et al., 2013, Kuriki and Namerikawa, 2015, Rucco et al., 2015, Stoican et al., 2016]. Furthermore,
the decentralized or distributed control approaches can be applied to reduce the complexity of
the whole optimization problem and to benefit from the available processors equipped in the
systems [Scattolini, 2009, Bemporad and Rocchi, 2011]. However, the resulted stability prob-
lems will become convoluted due to the fact that the local controller (i.e., having an explicit
formulation) is usually not able to take into account collision and obstacle avoidance constraints.
Therefore, we may mitigate the theoretical proofs of the closed-loop stability but this requires
us to analyze and to demonstrate it through simulations and/or experiment tests, similarly to
various related works in the literature [Bemporad and Rocchi, 2011, Rucco et al., 2015].



Appendix A

Flatness-based representation of the
angular velocities

The flatness formulation of w, given in (2.2.8) is derived from its original formulation w, =
¢ —¢sind given in (2.1.7). At first, by using sin ¢ = @, siny) — &, cosp from (2.2.5), we obtain
the formulations of cos ¢ and the derivative of the roll angle ¢ as follows:

V(@ cosp + jsin)? + (2 + g)?

cos ¢ = A.0.1
V2 + 32+ (2 + g)? ( )
b= @xsinw—<I>ycos¢+w(<1>xcosw+®ysinw)‘ (A.0.2)
cos ¢
Next, by using tanf = O, cos ¢ + O, sin®) from (2.2.5), we have that:
Ginf - LCSvEysSmY (A.0.3)
V(& cosp + gsine)? + (2 + g)?

Then, introducing (A.0.1)-(A.0.3) to w, = ¢ — ¢ sinf from (2.1.7), we arrive to:

o, = d, sinp — becosw + 1) (P, costp + @, siny)) — ¥ (P, cosp + CIDysinpr)7 (A.0.4)

cos ¢

with ®,, ®, as in (2.2.7). This leads to the flatness formulation of w, given in (2.2.8).
Next, we show how to construct the angular velocity w, as in (2.2.9). At first, the derivative of
the pitch angle  is calculated by using tan # from (2.2.5) as follows:

6 = cos® 6 (9:;; cos + @y sin ) + (—O,siny + ©, cos zb)) ) (A.0.5)
Introducing (A.0.5) to the formulation w, = 6 cos ¢ + 1 sin ¢ cos § from (2.1.7) leads to:

w, = cos ¢ cos® 0 <@ cos + G)y sin @/}) + 1) cos 0 (cos ¢ cos 0 (—O,, sin 1) + ©, cost)) +sin¢),
(A.0.6)
in which, cos ¢ cos € (—O, siny + O, cos ) +sin ¢ = 0 is obtained by using ©,, ©, from (2.2.7),
sin ¢ from (2.2.5), cos ¢ from (A.0.1) and cos @ calculated from (A.0.3). This also validates the
flatness representation of w, from (2.2.9).
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Appendix B

Proof of Proposition 3.5.1

The explicit formulation of the remainder term R, = [Re1 Rea R-3]" asin (3.5.17)-(3.5.19) is
rewritten as follows:

Rey=—J, <(s€—89d)uw+9¢09> + (L= J)Bco+dsodchd)(—0s¢+ihcpch), (B.O.1)
R.,=J, ((e¢—c¢d)ue+ (el —spachoy —(bésd)w(éwce—éws@))

+ (Jz — )( —89¢> (—S¢9+cgbc€¢>, (B.0.2)
Rey =J. (=(56 = s 6a)pta + (60 — ¢ GacOapy — H o —ids ot — pdcoso)
+ (Jy = o) (P —s00) (cpf + s o). (B.0.3)

Next, for all [n,7, p;]" € B(na,€), the remainder term R. is bounded as follows:

[Rea| <5 (482 (9 0d> + 1 + ¢ +¢2) (2 = T (62 +02) (8 + 02)
(;H )((cb 6a)* + (0 = 0)* + 91> + 11y %) . (B.04)
Real < (4s <¢ gbd)+y§+4s2(¢ ¢d>+uw+4s (9 5 >+ui+q'b2+0'2+1/}2>

1= Ly (0 20)(2 + 02)(c2 6 + 52 62 0) (62 + 4?)
<y 1 = o VI 52 ) (6 — 60)% + (0 — 0%+ 1l + Il 1?) (B.0.5)
|R53|<5( (¢ ¢d) py + 45’ (¢ 2%)+ui+4s2(6_0d>+ui+<b2+0'2+z/}2)

1y = L0+ 20)(02 + 02)(@ 6+ 52 62 0)(@ + 2)
< (a4 1y = ol VI 2 eman) (6 = 60)% + (0 — 0% + ]2 + 1all?) (B.0.6)
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Appendix C

Stability of error dynamics (2.4.16) using
the nested control design

This section proves the stability of the error dynamics (2.4.16) which can be split into three
scalar cases due to the definition of the error vector e = [e, e, e.]T € R? and the usage of the
diagonal weighting matrices K, Kj as in (2.4.12). We generalize all the three scalar dynamics
by the following system using the indice ¢ (¢ € {x,y, z}):

A
€q = sat (Klqéq + sat (_KlqK2qeq + K, ¢4, Eq) ,)\q> (C.0.1)

with e, € R representing for any element of e;. The control parameters K,,, K;,, <0 and \; > 0
taken from the diagonal matrices K; £ diag{K,,, K1, K.}, K £ diag{ Ky, , K»,, K.} from
(2.4.12) and A = [\, A\, A.]T as in (2.4.13). The forthcoming result is a generalization of the
proof for the particular case of K, = K,, = 1 which was introduced in [Teel, 1992]. Considering
the new variables eq, e5 defined as:

€1 = —Klqeq + éq, €9 = éq. (002)
Introducing (C.0.2) into (C.0.1) leads to:
A
é1 = — K ey + sat <K2q62 + sat (K2q€17 5’1) ,)\q) , (C.0.3)
) Aq
¢y = sat | K ey +sat | Ky e, 35 A | - (C.0.4)

Then, we will prove that the equilibrium (e; = 0, e = 0) of the system (C.0.3)-(C.0.4) is globally
asymptotically stable.
Firstly, we consider the “big” value of es, such that:

Ag

es| > ——, C.0.5
| 2| |K1 | ( )

q

By defining the Lyapunov function V5 = €3, we have that:

. A
Vé = 262 sat (K1q62 + sat (Kgqel, Eq) 7)\q> . (COG)
Case 1: ey > 0, (C.0.5) leads to:
A A A
Klqeg + sat (Kgqel, Eq> < Eq - Eq = 0. (CO?)
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Introducing condition (C.0.7) and ey > 0 into (C.0.6) strictly leads to V5 < 0.
Case 2: e < 0, (C.0.5) leads to:
A Ag

A
Klqeg + sat (Kgqel, —q> > —— + =

5 S5 =0. (C.0.8)

Introducing condition (C.0.8) and ey < 0 into (C.0.6) strictly leads to V4 < 0.

Thus, if es ¢ Ey = {es : |ea] < A/|Ky, |}, Vo = €3 strictly decreases. Consequentially, es enters
F5 in a finite time and remains in Es.

Secondly, we consider that ey € Ey, i.e. |es| < A;/|K7, |, we arrive to:

A A A
K1 €9 + sat K2 €1, 1 < - + 2= /\q' (COQ)
! ! 2 2 2
Thus, we have that:
Aq Aq
sat K1q€2 + sat K2q61, 5 = Klqeg + sat Kgqel, E . (COlO)
Introducing (C.0.10) into (C.0.3) leads to:
. A
€1 = sat Kgqel, ? . (COll)

By considering the Lyapunov function Vi = e?, we have that:
. )\q
Vi = 2e;sat | Ky e, 5 < 0. (C.0.12)

Since K, < 0, Vi is decreasing which indicates that e; enters £y = {eq, |e;| < A/(2|K3,[)} in a
finite time. When e; € Fy, the dynamics (C.0.3)-(C.0.4) become:

él = Kgqel, (COl?))
éQ = Kgqel -+ K1q€2, (COl4)

which is exponentially stable around the origin (e; = 0,e3 = 0) since (K, K5,) < 0. Thus,
(e, = 0,é, = 0) is also globally asymptotically stable for the error dynamics (C.0.1), hence,
completing the proof.



Appendix D

Proof of Proposition 2.4.5

From the polytopic constraint (2.2.40) (c.f. Figure 2.2.2), we obtain that:

T2
B4 < msin e, (D.0.1)
m
2 ‘ ) ) T2
ﬁcos €rm < (Zr +9)° < ﬁ (D.0.2)

with §., ¢ € {x,y,2} the references of the translation accelerations, m the system mass,
[T, T....] the range of the thrust reference as in (2.2.37) and ¢, _,, the maximum value of

Tmin ? — Tmax

the roll, pitch angles references as in (2.2.36). Then, from (D.0.1), we obtain that:
(max ), ma [ ) <

T, )
—2 Sine, . (D.0.3)
m

Therefore, in order to guarantee the existence of (U,,U,) such that U, > max|Z,| and U, >
max |§,| as required in (2.4.14), we need to ensure:

Lros
(Uy,U,) > —=sine,,.. (D.0.4)
m

Next, by introducing |Z,| < max|%,| < U, < g (obtained from (2.4.5) and (2.4.14)) to (D.0.2),
we have that:

T, T,
Z. € {ﬂ COS €. — ), —= — g}, (D.0.5)
m m
which leads to to:
. T T.
max |Z.| < max | g — —2 cose€, ., ———g ). (D.0.6)
m m

Therefore, it is necessary to constrain U, as in (2.4.14) such that:

T, . T,
U, > max (g — —R oS €, — g) : (D.0.7)
m m

By considering two conditions on (U,,U,,U,) (2.4.6)-(2.4.7), we arrive to:

U, < g — cotan (€pay) /U2 + U2, D.0.8
x y

T2
U. <\ -2 - U7 -, (D.0.9)
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with Tiyax the maximum thrust of the multicopter system as in (2.1.13) (i.e, Tpax > 5., from
(D.0.7)).

If T, . coser,.. + T <2mg, introducing (D.0.4) and (D.0.7) to (D.0.8)—(D.0.9) leads to the

following:
1,
V2tan eTmaXT—m" < tan (€max) (D.0.10)
\/(ng — T, cose,. ) + 2172 sin®€,,,. < Trax, (D.0.11)

otherwise, if T, . cose,, .. + T,

Tmax

> 2mg, we have that:

Trmax<1 + \/éCOt&Il (Emax) sin ermax) < 2mg, <D012)

T \/ 1 48107 € < T (D.0.13)
The case of T,

- < 2mg and the corresponding results (D.0.10)—(D.0.11) are
introduced in Proposition 2.4.5 since they are very easy to achieve. This also completes the
proof.

cose, .+ 1,

Tmax



Appendix E

Proof of Lemma 4.2.16

It’s straightforward to obtain the solutions of (4.2.75) given as follows:

X1 (t) = X170)\1 (S, t) + X270)\2(S, t), (EOla)
Xz(t) = X170)\3(S, t) + X270)\4(S, t), (EOlb)
where the initial conditions are x(0) = [x; ¢ x20] " and the functions X\;(+), with i € {1,...,4} are

given as in (4.2.77). Note that, by considering s; < sy < 0, we obtain the following results:

0< )\1(5,15) <1, )\Q(S,t) > 0, (EOQ&)
Na(s, ) < 0, (s, 1) < 1. (E.0.2b)

Then, by applying the Triangle Inequality (and also considering (E.0.2)) to (E.0.1) we obtain:

i) < [xiolAils, t) + [x20lXa(s, 1), (E.0.3a)
’XQ(t)| S —|X170‘)\3(8,t) -+ |X2’0)\4(S,t)’, (E03b>

with x; 0 = x1(0) and x99 = x2(0). Let us consider the initial state within the set R, (4.2.81),
Le., [xio] < Xi,.. and |xao] < Xo,,.. Then, (E.0.3) leads to:

|X1(t)| S leax>\1(8, t) + Xgmax)\g(s, t), (E04a)
|X2(t)| S —leax)\g(s, t) + Xgmax‘)ul(s, t)’ (E04b)

Furthermore, from (4.2.80) and (E.0.2), X,V will satisfy:

AQ(S,(S)XQmaX S (1 — )\1(8,5)))(1[11%7 (E05a)
ol D) X1 < (1= a(s,8)]) X . (E.0.5b)

max

By introducing (E.0.5) to (E.0.4) at t = 0, it is straightforward to obtain:
X1(0)] € Xipur [X2(0)] < X (E.0.6)

This proves the d-invariant property (4.2.73) of R, (4.2.81).
Then, by considering (E.0.4), for any initial state within the set R, (4.2.81), we have that:

< X X E.0.
ggﬁlxl(t)\_ggﬁ{ Loax M (8, 1) + Xo, o Aa(s, 1), (E.0.7)

) < X1 A t)+ X A t
tEIIl[E)aiS(] |X2( )‘ —_ tEITl[g;)é,(]{ Imax 3<S7 )+ 2max| 4(57 )‘}7
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in which the two right hand sides are exactly X; _ (4.2.83a) and X, (4.2.83b). Furthermore,
the followings hold for any ¢ € [0, d]:

< < . .0.
(8] < max b6, bolt)] < max b (0) (©05)
Thus, (E.0.7) and (E.0.8) lead to x(t) € Bg, for all t € [0,6]. Since x(0) € Ry from (E.0.6), we

again obtain x(t) € Bg, for all ¢ € [0,2d]. Hence, by further recursive analysis, x(t) € Bg, for
any t > 0. Thus, the safe set Bg, as in (4.2.82) is validated.



Appendix F

Proof of the closed-loop stability of
Lemma 4.2.20

Recursive feasibility: Assuming that the first NMPC iteration succeeds at time ¢, we obtain the
following results from the first optimal input, w*(7,t), and state, *(T,t), trajectories:

u*(T,t) €U, VT € [t,t +T,],
xH(T,t) e X, VT € [t,t + 1, (F.0.1)
T (t+T,t+0) € R,

in which the terminal J-invariant set R follows the condition C2. Furthermore, by applying
the control action uype (4.2.3) to the nominal system (3.1.1), the resulted state trajectory
x(T) =" (T,t) for T € [t,t + 6.

At the next time step t + 0, let us consider a candidate input trajectory chosen as follows:

u*(T,1), Tet+4,t+1T,),

_ (F.0.2)
Uoe (T (T, t+0)), T € [t + T, t + T, + 0],

W (T, t+6) = {

where the resulted candidate state &.(T,t + 0) is obtained by introducing u.(7,t + ¢) to the
dynamics (3.1.1). Within the time interval [t + d,¢ + T,], by applying the candidate input
trajectory u. (F.0.2) to the nominal system (3.1.1), it is trivial to have that:

w (T, t+6) €U, VT € [t+0,t + T,
T (T, t+0) =x*(T,t) € X, VT € [t + 0, + T}, (F.0.3)
Z.(t+T,t+9)eR.

Thus, the d-invariant property of R implies that:

Z(t+T,+6,t+0) €R,
T (T,t+0) € Br € X, VT € [t + T, t + T, + 4], (F.0.4)
(T, t+ 0) £ woe(ZTo(T,t +6)) €U,

in which the third assertion follows condition C1, i.e., the safe set By is constraints admissible.
Then, (F.0.3)-(F.0.4) validate the candidate input trajectory w.(-,t+¢) given in (F.0.2). Hence,
recursive feasibility is obtained by further recursion.

Asymptotic stability: The closed-loop stability is proved similarly to various existing works in the
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literature [Chen and Allgower, 1998 Mayne et al., 2000] by employing the optimal cost function
as a Lyapunov function candidate:

V(t) = J(a(t), @ (- 1)). (F.0.5)

Then, by employing the candidate input trajectory w.(-,t+4) as in (F.0.2) and its resulted state
Zo(,t+ ) as in (F.0.3)-(F.0.4), we obtain that:

t+0
Viers) -V - [ e u (F.06)
t+Tp+6 z. _ )
/HTP (w + Uz (T), uc(T))) ar,

where the candidate state Z.(7,t+ 0) and input w.(7T, ¢+ §) are shortened as &.(7T) and w.(T),
respectively. Next, @.(T) = ioc(Zc(T)),VT € [t + Tp,t + T, + 6] from (F.0.2) and the state
Z.(t+1,) € R from (F.0.3), hence, from condition C3, we arrive to:

V(t+8)— V(t) < — / " (7 by, (7 )T <0, (F.0.7)

Thus, the non-negative Lyapunov function V' (¢) (F.0.5) is decreasing between two consecutive
time instants. This validates the asymptotic stability. Similar proofs can be found in [Chen and
Allgéwer, 1998 Mayne et al., 2000] for the case of using the standard terminal invariant sets.



Appendix G

Proof of Proposition 4.3.4

Since the matrices @ as in (4.2.4) and P; as in (4.3.14) are both symmetric and positive definite,
we have the following chain of inequalities:

) ig(Py))
2 P 2 max(eig( Py 9 Go.1
el < mas(eig(Pa)pel* < T 28 ol (G01)
which further leads to:

pell3, < 73 min(eig(P). Vilpil < c. (€.02)

-~

PLES(Py,ra)

with ¢ defined in (4.3.20) and S(P,, rq) the admissible invariant set as in (4.3.15).

Next, let us consider the NMPC optimization problem (4.3.1)—(4.3.3) with an initial state pg
satisfying ||po||g, < ¢ as implied in (4.3.8). Next, we propose a feasible candidate for the NMPC
optimization problem (4.3.1)—(4.3.3) consisting of the predicted state and input trajectories
(po(i),up(7)) as employed in (4.3.1) for all + € {0, N, — 1} (with N, the prediction horizon length
as in (4.3.1)):

po(i + 1) = F(po(i), uo(7), 1), (G.0.3)
EO(Z) = uFL(KdEO(i)7 ¢)> (GO4)

with ue, (Kgpo(7), 1) the FL controller as in (4.1.4) and K, from (4.3.13) being admissible for all
Po(i) € S(Py,rq) as in (4.3.15). Since po(0) = po € S(Py,7rq) (due to (G.0.2)), the whole state
trajectory po(-) remains within the invariant set S(Py, 74) as in (4.3.15) under the FL controller
ups(+). These validate the the candidates (G.0.3)—(G.0.4).

Then, since Vy, as in (4.3.1) is the optimal value function of the optimization problem (4.2.1),

it satisfies:
Np—1

Vi, (Po) < i, (o, o () = Y € (Pol), e, (Kabo(i): 1)) . (G.0.5)

i=0
with (1) = up,(Kgpo(i), 1) as in (G.0.4). Furthermore, the stage cost € (po(7), up(Kapo(7), 1))
as in (G.0.5) is bounded as follows:

€ (po(i), wrn (Kapo (i), ¥)) = [Ipo(i)llg + e (Kapo (i), ¥) — uellk (G.0.6)
< [[po(@)§ + max(eig(R))Lpg (i) Ky Ka po(i) = [[po(i)l[5-,  (G.0.7)
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with @* in (4.3.21). Then, since the whole predicted state trajectory po(-) as in (G.0.3), it
exponentially converges as proven in (4.3.17):

£l s (Kol ) < 00 < T 282 o,

max(eig(Q*)) max(eig(Py))
min(eig(Q)) min(eig(Py))

Lastly, combining (G.0.5) and (G.0.8) implies that:

Pl (G.0.8)

max(eig(Q*)) max(eig(Py))
min(eig(Q)) min(eig(Py))

Vi, (po) < > pf Ipollyy = Yllpoll3s (G.0.9)
=0

with v from (4.3.20). Thus, Assumption 4.3.1 is validated and the stability of the corresponding
u-NMPC design follows Theorem 4.3.2. Hence, completing the proof.



Appendix H

Construction of function v, defined in
(4.3.22)

In a very similar fashion as solving the continuous-time Lyapunov equation (4.2.6) detailed in
Proposition 4.2.8, the symmetric matrix P, obtained from (4.3.14) is given by:

pils p3l3
P, = ) H.0.1
4 {p313 p213] ( )
with (p1, pe, p3) € R satisfying:
2} 1—a? —2a;a; —a? 'y
pa| = | —a3 —2asay 1—a? ms| (H.0.2)
D3 —ajay 1 —aray — agaz —azay mg

in which, (my, ms, m3) are the parametrization of the matrix M as in (4.2.13) and (aq, as, as, as)
are taken from the matrix Ak, as in (4.3.26):

2
a1:1+%k1, a2:5(1+gk2)

CL3:(5]€17 ay = 1+5l€2,

(H.0.3)

with ¢ as in (4.3.26) the sampling time and (ki, k2) the control gains as in (4.3.24)-(4.3.25).
Then, as similar to the results of Corollary 4.2.9, the eigenvalues of the matrix P, as in (H.0.1)
is given by:

min(eig(Fy)) = % <p1 + p2 — \/(]01 —p2)? + 417%) ) (H.0.4)
max (eig(Fy)) = % (Pl +p2 + \/(pl — p2)* + 429%) ) (H.0.5)

with (p1, p2, p3) as in (H.0.2). Note that, the minimum eigenvalue of the matrix M from (4.2.13)
is also constructed similarly to (H.0.4):

min(eig(M)) = % (1 +mgy — \/(1 —mg)? + 4m§) : (H.0.6)

which is due to my; = 1 as in (4.2.13). Then, by introducing the three eigenvalues formulations
(H.0.4)-(H.0.6) to v, defined in (4.3.22), we have that:

Yo £ Yo (ky, ka, ma, m3). (H.0.7)
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Abstract

The goal of this thesis is to propose reliable control laws for the motion planning of a multicopter
system under constraints and unexpected events (e.g., actuator faults). A hierarchical control
architecture which decouples the scheme into position and attitude control is proposed. At the
high level the position controller calculates the position error and provides the desired thrust
and angles to the attitude controller at the low level to stabilize the system around the desired
angles. The scheme’s reliability (i.e., ensuring feasibility, stability and constraint validation) is
done through a coherent merging of differential flatness, feedback linearization and Nonlinear
Model Predictive Control (NMPC). Hence, the main thesis contributions lie in:

i) The analysis and design of bounds which characterize the various inputs and states of the sys-
tem (angle position and velocity, torques, etc.). These are subsequently applied for constrained
trajectory design (which combines differential flatness and feedback linearization through the
use of B-spline parametrizations).

ii) Designs which exploit the “computed-torque control law” as local control within an NMPC
with recursive feasibility guarantees. We show that avoiding the standard linearizations em-
ployed for nonlinear dynamics improves performance (in the sense of reducing the prediction
horizon, enlarging the terminal region and reducing the problem’s complexity). Further ad-
vances relax the requirement of set invariance and even discard the need for terminal stabilizing
constraints. Generalizations for similar feedback linearizable systems are discussed.

iii) A hierarchical optimization-based FTC (Fault Tolerant Control) scheme to counteract a stuck
rotor fault. This is done through control reconfiguration at both high and low levels, coupled
with a fault diagnosis mechanism capable of handling fault detection, isolation and estimation.
The results are validated over extensive simulations and laboratory experiments involving a
nano-quadcopter.

Résumé

Le but de cette these est de proposer des lois de commande fiables pour la planification du
mouvement d’un systéeme multicoptére sous contraintes et événements inattendus (par exemple,
des défauts d’actionneur). Une architecture hiérarchique qui sépare la commande en position
et attitude est proposée. Au niveau haut, l'erreur de position est calculé et la poussée, ainsi
que les angles désirés qui en découlent sont fournis au controleur d’attitude de niveau bas qui
stabilise le systeme autour des angles désirés. La fiabilité du systéeme est assurée par une com-
binaison cohérente des commandes par de platitude différentielle, par linéarisation et prédictive
nonlinéaire (NMPC). Les principales contributions de la these sont les suivantes:

i) La caractérisation des contraintes sur les entrées et états du systeme (position et vitesse de
I'angle, etc). Celles-ci sont ensuite appliquées pour la conception de trajectoires contraintes
(combinant la platitude differentielle et la linéarisation par feedback via 'utilisation d’une
paramétrisation des trajectoires poursuivies par B-splines.

ii) Des conceptions de commande de type NMPC pour un systeme obtenu apres linéarisation par
feedback (Computed Torque Control) avec des garanties de faisabilité récursives. Nous montrons
en particlier qu’éviter les linéarisations usuelles de la dynamique améliore les performances (i.e.
réduit 1’horizon de prédiction, élargit la région terminale et réduit la complexité du probléme).
Des améliorations proposées permettent ensuite d’assouplir I'exigence d’invariance d’ensemble
et éliminent la nécessité de contraintes de stabilisation terminales. Des généralisations pour des
systemes linéarisables similaires sont discutées.

iii) Un schéma hiérarchique de commande tolérante aux pannes de rotor (rotor bloqué).

Les résultats sont validés par des simulations et des expériences de laboratoire impliquant un
nano-quadricoptere.
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