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Abstract

The field of aerial manipulation has many applications, for example autonomous maintenance
in difficult to reach or hazardous locations. However, achieving precise control of a floating-
base multi-body system presents considerable challenges, particularly given the requirement
for robust performance under strong external disturbances in uncontrolled environments.
To address these challenges, this work investigates the Incremental Nonlinear Dynamic
Inversion (INDI) method as a promising control framework.

While INDI has been commonly applied to multi-rotor platforms and other single-body
aerial vehicles, its use in aerial manipulation remains largely unexplored. Moreover, existing
applications have focused on reference tracking in free flight, leaving the application of INDI
in Aerial Physical Interaction (APhI) tasks unaddressed. To fill this research gap, we propose
a novel Nonlinear Model Predictive Control (NMPC) formulation, building upon state-of-the-
art works in multi-rotor control and aerial manipulation, and combine it with INDI as an
inner-loop controller similar to [55]. Two control schemes are developed and evaluated: one
in which INDI is applied solely to attitude control, and one in which INDI is used in both
position and attitude control. The aerial manipulator platform used and studied in this work
is a Differential Shoulder Aerial Manipulator (DSAM) which consists of an underactuated
quadrotor base equipped with a two-degrees-of-freedom (DoF') robotic arm.

The proposed controllers are validated through both simulation and real-world experiments,
including free-flight maneuvers and APhI sliding tasks. Real world results demonstrate that
the baseline controller without an INDI inner loop is unable to successfully perform the sliding
tasks, whereas both INDI-augmented schemes are able to both track end-effector position
and attitude and a desired reference contact force simultaneously. This is shown for several
trajectories on both a whiteboard using a marker and on a blackboard using a crayon. Also
simultaneous end-effector pose and force tracking in different directions in the world frame
are shown. Finally it has been experimentally validated that extending the controller with a
INDI position control layer reduces the end-effector position tracking error compared to one
without the INDI position control layer. In a real world experiment in which a figure-eight
trajectory is tracked while simultaneously tracking a desired contact force with external wind
disturbance, it has even shown a reduction of 45% in maximum end-effector position tracking
error.
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Chapter 1

Introduction

The Unmanned Aerial Vehicle (UAV) is becoming increasingly important in our society. One
of the reasons is their agility and ability to reach locations that are difficult to reach for
humans. They are already being used in many sensing applications such as exploration [50]
and inspection tasks [3]. Aerial manipulators are UAVs designed to not only see, but also
interact with the environment. They can be used for many applications such as maintenance
[23, 6], valve turning [31], assembly [18], or load transportation [5].

An aerial manipulator consists of an aerial platform and an attached tool for contact with
the environment. As tasks require contact with the environment, these are also referred to as
Aerial Physical Interaction (APhI) tasks. Load transportation was one of the first APhI tasks
accomplished. Most early works used helicopters as platforms due to their superior payload
capacity and operation time compared to multirotor aerial vehicles [4, 5]. These tasks do not
require active manipulation. The tasks are performed using passive tools, such as ropes.

Early occurrences of active manipulation include quadrotor platforms capable of applying
forces while maintaining stability [35] and grasping objects while hovering [56]. More recent
accomplishments include sliding on surfaces while maintaining normal force [41, 33, 66],
autonomous aerial perching and unperching [32], and opening drawers or doors [33, 15]. To
achieve these complex aerial manipulation tasks, also more complex aerial platforms such
as fully-actuated (Fully-Actuated (FA)) or omnidirectional systems are increasingly used
6, 42, 15).

To accomplish aerial manipulation tasks, accurate and robust control methods are necessary
due to the many uncertainties and disturbances inherent in aerial operations. Furthermore
aerial manipulation systems are highly nonlinear, which requires nonlinear control methods.

A widely used nonlinear control approach is Nonlinear Dynamic Inversion (NDI), which cancels
system nonlinearity through feedback, reducing the control problem to a linear one that can
be addressed with conventional linear techniques. However, NDI requires an accurate system
model to effectively cancel nonlinearity. This requirement is difficult to satisfy in real systems
due to modeling uncertainties, computational errors, and necessary simplifications from reality.
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2 Introduction

To address these limitations, more robust nonlinear control methods have been developed,
including Sliding Mode Control (SMC), backstepping and Lyapunov-based methods [29].
Incremental Nonlinear Dynamic Inversion (INDI) is a more recently developed robust nonlinear
control method which is increasingly being used in flight control [52, 61]. INDI is sometimes
referred to as a sensor-based controller because it directly uses measurements in its control law
to compensate for parts of the model, reducing its dependence on a model. The INDI method
has been successfully implemented in different aerospace applications, including fault-tolerant
flight control in aircraft [37, 38] and control of multirotor platforms [54, 1, 55].

Although INDI has been implemented widely in quadrotor control it has not yet been used
commonly in aerial manipulator control. To the author’s knowledge, only in the work of
Park et al. [47] INDI is used to control an aerial manipulator in free flight with swift arm
motions and in [17] it is used as an inner loop attitude controller for a RL-based outer loop
controller for a Differential Shoulder Aerial Manipulator (DSAM). Current state-of-the-art
controllers for aerial manipulation include Nonlinear Model Predictive Control (NMPC), which
has been applied to sliding and pick-and-place tasks [39, 59, 24]. Also NDI-based approaches
remain common [12, 44]. NMPC offers advantages such as its predictive nature and ability to
incorporate constraints. In [55] it is shown that NMPC is even able to remain stable while
trying to follow dynamically infeasible trajectories. The downsides to NMPC is the large
required onboard computational power. Recent advances in computational power however
have made NMPC more practical.

Recent work has shown that adding an inner control loop to NMPC improves tracking
performance in quadrotor agile flight control [55]. This hierarchical structure combining an
outer loop NMPC controller with an inner loop is a promising method to make existing
NMPC-formulations more robust and reactive. Another outer loop controller explored in [55]
is Differential Flatness Based Control (DFBC). This method has also shown its effectiveness
in quadrotor agile flight [20, 57], however this method can only be applied on differentially
flat systems. In [64] it is shown how an aerial manipulator system can be differentially flat.
For general aerial manipulator configurations this has not been proven and therefore DFBC
can not easily be applied to an arbitrary aerial manipulator system.

1-1 Research Goals

Based on the introduction, we notice a lack of application of INDI in control of aerial
manipulators, even though it performs well in quadrotor control. This includes many different
works in which the superior disturbance rejection properties of INDI are shown compared to
PID control [54, 53, 55]. Therefore the main goal of this thesis is to study the use of INDI
for aerial manipulator control. For this we build upon results for quadrotor control where
NMPC with INDI inner loop has shown great performance in tracking agile trajectories [55].
In this work the system consistently remains stable with this control structure, even while
tracking infeasible trajectories. Furthermore NMPC has already shown its effectiveness in
aerial manipulators in many different works as mentioned before and therefore will also be
used in this work.

There are a number of modifications necessary in order to apply the control method based on
[55] to an aerial manipulator. The original quadrotor control problem only requires position
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1-2 Related Work 3

tracking in free flight, but an aerial manipulator also needs to interact with the environment,
for example by applying forces. We will design a control approach that tracks end-effector
positions and simultaneously a desired force contact force at the end-effector if required. Also
another important difference between quadrotor and aerial manipulator control is that the
system is now a multibody system consisting of the base and the manipulator. This leads
to different dynamics for model-based control and also introduces more design choices, such
as decoupled or coupled control as commonly referred to in aerial manipulation literature
[9]. This will also be explored in this thesis. Finally, we will investigate the robustness of
the controller to external disturbances. Specifically we are interested in robustness to friction
forces on the end-effector when sliding. In [55] INDI is applied only for the attitude dynamics
of the quadrotor to reject disturbance moments. In this thesis we will also study the effect of
using a cascaded INDI structure based on [53] to additionally reject disturbance forces.

We validate this approach on the aerial sliding task, where the manipulator must maintain
contact with a surface while rejecting unmodeled disturbances, specifically friction forces at
the end-effector. The proposed controller is validated in both simulation and real experiments
using a DSAM [17], a quadrotor-based aerial manipulator with a two-degrees-of-freedom (DoF)
arm, and compared against an adapted baseline NMPC controller adapted from the work of
Sun et al. [55] consisting of a contact-unaware NMPC and INDI inner loop and the work of
Tzoumanikas et al. [59] for the contact model. To our knowledge, this is the first study of INDI
control for aerial manipulation in contact-based tasks. Lastly we also want to highlight that
the aerial manipulator considered in this work consists of an underactuated base (quadrotor)
and a simple non compliant 2-DoF arm, showing that no complex omnidirectional base or delta
arm is necessary to achieve simultaneous end-effector position, attitude and force tracking.

1-2 Related Work

As we are validating our newly designed controller on the aerial sliding task, we want to
compare it to current state-of-the-art achievements in aerial sliding. However note that it is
difficult to directly compare different controllers from the obtained results in literature, as the
hardware of the aerial manipulators may vary in many ways which influences the obtained
results.

A common approach for control of aerial manipulators with underactuated base is to use
NMPC [33, 59, 39]. Advantages of using NMPC control is the ability to find solutions given
input and state constraints. Furthermore it has also already been extensively studied for
quadrotor control [2, 55]. As this work will be mostly focused on showing the first application
of the INDI control framework in APhI tasks, these advantages were sufficient for choosing
the NMPC as outer loop control. On the other hand, impedance control is also often applied
for APhI control for aerial manipulators [66, 48, 25]. It should be noted that these works all
utilize an omnidirectional base. In [35] impedance control is applied on an underactuated
base, however it is only tested in simulation and in a very limited task of remaining stable
while applying a force on a vertical wall. In [13] it is also applied on an underactuated base to
perform sliding tasks, however it should be noted that this control scheme consists of three
layers. The impedance filter applied on the end-effector is used to calculate inputs to the
inverse kinematics of the 6-DoF arm used in this aerial manipulator. The motion controller of
the base is separate from this inverse kinematics controller. In our work our two-DoF arm does
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4 Introduction

not have redundant joints to independently obtain compliant behavior. Compliance should
instead should arise from the base motion. From this brief review and some initial testing,
Cartesian impedance control seems to be less suited for aerial manipulator control consisting
of an underactuated base and a simple two-DoF arm and this strengthens the motivation to
use NMPC as outer loop controller for the DSAM.

The task of aerial writing, which is also commonly referred to as push and slide tasks, are
commonly found in aerial manipulation literature. In [7] an omnidirectional platform with a
rigid end-effector is used for active force and end-effector position tracking using axis-selective
impedance control in combination with direct force control. In this work they show the ability
to approximately track force references of up to 5 N and position references with centimeter
level accuracy for the aerial sliding task. They also achieved force tracking on curved surfaces.
In Tzoumanikas et al. [59] an NMPC controller is developed for a quadrotor base with a
delta arm and compliant end-effector. In this work they performed the aerial writing tasks
with millimeter level end-effector reference tracking precision on a whiteboard in the purely
horizontal direction. The contact force tracked for the writing experiments was around 0.2 N.
This is a relatively low contact force, which also means relatively low friction forces. Guo et
al. [25] used a hybrid motion-force controller for aerial calligraphy. In this work they used
an omnidirectional base and also a compliant end-effector. By applying different contact
forces, different line-widths can be achieved with this custom built end-effector. The sliding
task was performed on a vertical wall and with a prior measured friction coefficient. This
lead to end-effector position tracking RMSE of around 2.5 cm for their experiments. In
Zhang et al. [66] an impedance controller with learned adaptive stiffness is used for sliding on
heterogeneous surfaces. Their contribution is mainly using a reinforcement learning policy
for adaptive stiffness in the impedance controller. Their system uses an omnidirectional base
with a rigid end-effector. This means that they do not have to account for underactuation,
which characterizes quadrotor-based aerial manipulators such as the one in this work.

A key design choice in aerial manipulator control is how to model the interaction between
the manipulator and the aerial base. In some works mentioned before a rigid end-effector is
used for aerial manipulation and the system can be modeled as a single rigid body. If the
end-effector is not rigidly attached to the base, multibody dynamics need to be considered. In
many works, the arm and base are treated as decoupled systems, where the coupling between
them is ignored [35]. This simplification allows modular use of control methods developed for
the base or the manipulator. However, ignoring coupling requires very restricting assumptions
on the morphology of the aerial manipulator and tasks that can be performed.

When the manipulator’s weight is non-negligible or moves rapidly, the dynamic interaction
forces between the platform and base cannot be ignored. Most literature assumes quasi-static
coupling, where these forces are treated as slowly varying or constant [9]. However, for tasks
requiring rapid or forceful arm motions, such as sliding with unmodeled friction forces, a more
complete model of the coupled system is necessary. Bonyan Khamseh et al. [9] provides a
review of coupled versus decoupled control approaches for aerial manipulators. The challenge
is that a complete coupled model is difficult to obtain accurately and may not transfer well
to physical systems due to many unmodeled real-world effects. Therefore, different levels of
modeling the coupling represent trade-offs between model fidelity and practical robustness.
Also many applications use a decoupled control approach where an estimate of the dynamic
interaction forces are used to improve end-effector reference tracking and disturbance rejection
[8, 12]. For the INDI control method, the decoupled approach has also been explored in the
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1-3 Outline 5

work of Park et al. [47], where they developed an adaptive INDI controller for the base to
handle swift arm motions. In their work a decoupled approach is proposed and INDI is used
to reject the unmodeled interaction between the arm and base.

1-3  OQutline

This work is structured as follows: In Chapter 2 the aerial manipulator considered in this
work is introduced. Preliminaries on multi-body modeling will be presented and applied to the
aerial manipulator system. In Chapter 3 the relevant nonlinear control methods are introduced
for the controller design. In Chapter 4 the proposed controllers in this work are introduced.
The controllers consist of a novel contact-aware NMPC formulation and a INDI-based inner
loop. In Chapter 5 results are presented from simulation and real world experiments, including
the aerial sliding task in different world directions and different surfaces. Finally in Chapter
6, some conclusions are drawn on applying INDI in aerial manipulation and future research
directions are discussed.

Master of Science Thesis D. Liu
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Chapter 2

Preliminaries: Modeling of the DSAM

In this chapter a kinematic and dynamic model of the Differential Shoulder Aerial Manipulator
(DSAM) system will be derived. The DSAM is developed at the Mobile Robotics Lab (MRL)
at the TU Delft. The aerial manipulator consists of a quadrotor platform and a 2-degrees-of-
freedom (DoF) manipulator. This manipulator is a single link connected to the aerial base
using a differential shoulder joint that can be modeled as two consecutive rotations, first around
the pitch-axis and then around the rotated roll-axis. On this link a gripper can be attached or a
pen as is done in this work. The system has 8 DoF, and has 6 inputs. First we will choose a set
of generalized coordinates and velocities to describe our system and derive the corresponding
kinematics. After that we will derive the dynamics using the Projected-Newton Euler Method
[51], which is a systematic way of deriving constraint-consistent multibody dynamics. We will
model the aerial manipulator as a floating base system, with the quadrotor and the arm as
separate rigid body. In the dynamic model we will use the force and moments generated by
the propellers as input. In multi-rotor control it is then also necessary to map the forces and
moments to propeller speeds. This is called control allocation and will also be derived for the
DSAM. Lastly as an aerial manipulator is designed to interact with the environment, also
contact modeling will be introduced. This modeling is then used for simulation, but also to
design part of the controller.

2-1 Kinematic Model

In this section, we derive the kinematic model of the DSAM. We define the following reference
frames: the inertial frame X, the quadrotor base (body) frame ¥p, the manipulator root
frame Y (rigidly attached to the quadrotor), and the end-effector frame X . A schematic
overview of these reference frames is depicted in Figure 2-1.

2-1-1 Notation and Coordinates

We adopt the following notation: a general vector is denoted as 4, py., where ¥ 4 is the reference
frame in which the vector is expressed, b is the origin, and c is the target point. A rotation
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8 Preliminaries: Modeling of the DSAM

Yy

Figure 2-1: Schematic representation of the DSAM and relevant reference frames.

matrix Rap € SO(3) transforms a vector from frame X p to frame ¥ 4, such that 4p = Rap pp.
Vectors without a prescript are assumed to be expressed in the inertial frame X;.

The quadrotor platform acts as a floating base with 6 DoF. While Euler angles are often
used to parametrize attitude, they suffer from gimbal lock singularities [45]. To avoid this, we
use unit quaternions to parametrize the attitude of the base. Consequently, the generalized
coordinates are defined by the base position p, = p;5 € R3, the base orientation quaternion
a, = [qw, 4z, Gy, ¢:]7 € H (where ||gy|| = 1), and the joint angles n = [n1,72]7 € R? of the
manipulator. The generalized coordinate vector is:

a=1pl,al,n" " eR’ (2-1)

For the generalized velocities v, we select the inertial linear velocity of the base vy, the angular
velocity of the base expressed in the body frame zwy, and the joint velocities 7. This yields
the generalized velocity vector:

v=[v;, pwy, '] €R® (2-2)

2-1-2 Differential Kinematics

The generalized velocities v are related to the time derivative of the generalized coordinates
q via a transformation matrix F(q) which is usually the identity matrix. However as we
are taking the quaternion parametrization of the orientation of the base in our generalized
coordinates and the angular rates as generalized velocity, this mapping is not trivial anymore.
The linear velocity vy corresponds directly to p,. The relationship between the body angular
velocity and the quaternion derivative is given by ¢, = $A(q;) gws, Where A(g,) is the standard
quaternion propagation matrix [51]. The mapping between joint velocities and angles are
trivial so the relation between time derivative of the generalized coordinates and generalized
velocities are given as follows:

) . 1
G = E(q)v = blkdiag <f3x3, 51\(‘11)), 12x2> v (2-3)
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2-1 Kinematic Model 9

2-1-3 Multibody Kinematics

To derive the equations of motion using the Projected Newton-Euler Method (PNEM), the
absolute poses and velocities of specific points of interest are required. We model the DSAM
as two rigid bodies connected by a 2-DoF joint at the manipulator base. The points of
interest are the Center of Gravity (CoG) of the two bodies, namely the quadrotor base and
the manipulator, and the end-effector (where contact forces are applied).

We utilize Homogeneous Transformation matrices T € SE(3) to describe the kinematics. A
transformation from frame B to A is defined as:

R
n3=<d? ﬂ?ﬂ (2-4)

where ,pap is the position vector pointing from A to B expressed in frame ¥ 4. The kinematic
chain of the DSAM end-effector consists of the floating base transformation Trg(py, q;), the
fixed transformation Tpp to the manipulator root, the joint-dependent transformation for
the arm Tr4 and finally the fixed transform to the end-effector T4r. The global pose of the
end-effector is obtained by the chain:

Tre(q) = Tre(qy) TBRTMA (M, m2)TAE (2-5)

From this matrix, the position p, and rotation matrix R;p corresponding to the orientation
of the end-effector can be directly extracted. As we choose quaternions as parametrization
of the orientation we can convert the rotation matrix R;g to quaternions and combine the
absolute position and orientation in geometric coordinate vector . = k(q).

Similarly, the positions of the arm CoG is found by evaluating the transformation chain up
to the arm. The inertial velocities of the CoG of the arm and base are essential for dynamic
model derivation. These are related to the generalized velocity v via geometric Jacobians. For
a point of interest ¢ the velocity is:

CﬁzL@v (2-6)

Wi

where J;(q) € R%*8 is the geometric Jacobian matrix associated with point i. These Jacobian
map the floating base velocities and joint rates to the inertial velocities of each of point of
interest. It also common to split up the geometric Jacobian in a translational Jacobian and
rotational Jacobian:

v; = Jpi(q)v (2-7)
and
w; = Jri(q)v (2-8)

The translational Jacobian of a point ¢ can be derived by taking the time derivative of the
absolute position vector p;, which is the inertial velocity v; and then taking the partial
derivative to the chosen generalized coordinates:

op;
Jpi(q) = 9o

(2-9)
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10 Preliminaries: Modeling of the DSAM

The rotational Jacobian of a point 7 is based on the reference frame of point 7. Unlike velocities,
angular rates relative to each other can be summed if expressed in the same reference frame
and thus the inertial angular rate can easily be obtained by adding up successive angular
rates. Again by taking the partial derivative to the generalized coordinates we can obtain the

rotational Jacobian:

- Ov
For the next section we will leave out the explicit notation that the Jacobian are dependent

on the generalized coordinates q. An analytical derivation of the Jacobian of the DSAM are
given in the appendix.

Jri(q)

(2-10)

2-2 Dynamic Model

In this section, the derivation of the dynamic model for the DSAM is presented using the
PNEM. This method combines the Newton-Euler equations of the individual rigid bodies with
the kinematic constraints derived in Section 2-1 to obtain the Equations of Motion (EoM) in
the generalized coordinate space.

The system dynamics of the DSAM can be written in the standard canonical form:
M(q)v+ C(q,v)v+9(q) =T + Teut (2-11)

where M(q) € R®*® is the generalized mass matrix, C(q,v) € R8*8 is the Coriolis and
centrifugal matrix, g(q) € R® is the vector of gravitational forces, T is the vector of actuation
torques/forces, and T¢,¢ represents external wrenches. How the actuation torques and forces
and external wrenches are related to the propeller speeds and interaction with the environment
will be explored in the next sections.

We consider the system as a combination of two rigid bodies i € {B, A}, representing the
quadrotor base and the arm link. For each body ¢, we have the mass m; and the inertia tensor
Z; expressed in the body’s local frame.

The dynamics of the coupled system can be obtained using the PNEM [51] by projecting the
unconstrained Newton-Euler equations of each link onto the generalized coordinates using the
geometric Jacobian derived in Appendix A. Using the PNEM we can derive the dynamics
in mixed frames to simplify the equations. The geoetric translational Jacobian of all bodies
should be defined in the same reference frame and the geometric rotational Jacobian of all
bodies should also all be defined in the same reference frame. With this method each of the
matrices of the canonical EoM can be obtained in a systematic way, which is next introduced.

The generalized mass matrix is calculated by summing the masses and inertia of all bodies,
mapped to the generalized coordinates using their respective Jacobian in their respective
reference frame. For the DSAM system we will choose the world frame X to express the
inertial translational velocity and the base frame Y5 to express the inertial angular rates. We
obtain the following mass matrix:

M(qg)= > (Ijg,i mi 1 Jpi+ pdpi pLi- BJR,z‘) (2-12)
i€{B,A}
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2-3 Aerodynamic Forces 11

In Appendix A an analytical expression is derived for the generalized mass matrix of the
DSAM.

The Coriolis and centrifugal terms arise from the changing effective inertia and the rotation of
the reference frames. In the projected method, this is derived from the time derivative of the
body and arm Jacobian and the gyroscopic moments:

C(q,v) = Z (Ijg,i sy - IJP,i “U A+ BJE,Z‘(BIZ' : BjR,z‘ v+ g8 X gZ; - BQz')> (2-13)
1€{B,A}

where 5€2; is the inertial angular velocity of body i expressed in base frame ¥p.

The generalized gravity vector is derived by projecting the gravitational acceleration vector
g; = [0,0, —g]” acting on each mass into the generalized coordinate space:

g(q) = — Z IJ%@' “m-gy (2-14)
ie{B,A)}

In this framework forces due to actuators are incorporated in the same way as other external
forces. The sources of external forces and moments that are relevant in the dynamical
description in this section are the body torques p74, the total thrust zT" and the actuator
torques of the two joints 7,,, and 7,,. Each of these forces and moments can be projected to
the generalized coordinate space by using the translational and rotational Jacobian of the
point or body on which they act. In the DSAM system there are actuators that move the arm
relative to the base. So the moments due to the actuation are applied to both the base and
the arm.

The generalized force vector for the DSAM is defined as follows:

R[B BT
T = T (2-15)
Ty

Note that the first three entries of the generalized force vector is the thrust. Due to the
underactuated nature of the quadrotor, this thrust force can not be freely controlled and this
needs to be considered in controller design for such systems. Also the actual inputs of the
DSAM are motor speeds of the propellers and desired joint positions, not the generalized forces.
These can however be related to each other via control allocation, which will be introduced in
Section 2-4.

2-3 Aerodynamic Forces

In the previous section we have derived the dynamics of a floating base multi-body system
given external forces and torques. In this section we will dive deeper into what forces and
torques are relevant for the DSAM. Furthermore also the relation between propeller speeds
and the generalized forces are explored.
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12 Preliminaries: Modeling of the DSAM

To properly model our aerial manipulator it is essential to understand the aerodynamics of a
multi-rotor. In this work, the aerodynamics are based on [40]. The most important force in
multi-rotor dynamics is the thrust force generated by the propellers. A simple model for the
generated thrust force is given as:

T, = b, (2-16)

in which b; is the thrust coefficient and w,; is the angular velocity of propeller i. This
thrust force is only applied in the rotation direction of the propeller. For standard non tilted
multi-rotors, this direction is ge, for all rotors, while for tiltable multi-rotors the direction
of the thrust of each propeller can be controlled. Each propeller also generates a drag force,
which can be modeled as:

Qi = diw;; (2-17)

in which d; is the drag coefficient and w,; is the angular velocity of propeller i. This drag
force is applied in the direction which resists the rotation of the propeller, which results in a
torque on the multi-rotor body opposing the rotation speed of the propeller. In a standard
quadrotor configuration, two propellers rotate in opposite directions compared to the other
two, so no moment is generated in total if all four propellers rotate at the same velocity which
should occur during hover. Furthermore this will lead to a decoupled heading control from
the rest of the quadrotor dynamics.

Commonly only these main aerodynamic forces are considered for control, especially when
aerial platforms operate near hover with low velocities. The relations between propeller speeds
and forces are approximations which can be identified using static tests. Better models of
the dynamics include many other effects such as blade flapping, induced drag [40] and rotor
interaction forces [34]. Also it might be possible that dynamics and parameters change during
operation. For example the aerodynamics of the platform changes when flying closer to a
surface [49] or damage to the propeller blades could also influence the blade aerodynamic
properties. Lastly, especially for relatively high-speed motions, drag force is also typically
considered. These effects can significantly influence the mapping from propeller speeds to
the generalized forces of the dynamic system. It is practically impossible to model all the
dynamics of an aerial manipulator accurately for a real flight and this suggests the use of
robust control methods for multi-rotors and thus also for aerial manipulators. Furthermore
common disturbances in uncontrolled environments such as wind gusts have a significant
impact on the dynamics of a multi-rotor. Therefore disturbance rejection is also an important
property for control in aerial manipulation.

2-4 Control Allocation

In the previous sections the EoM of the aerial manipulation system is described with generalized
forces, which are based on joint torques, body torques and forces. Also the main contributions
in the relation between propeller speeds and these generalized forces were summarized. For
control of any multi-rotor system, the body forces and torques need to be mapped to rotor
speeds. The relation between the propeller speeds and the body forces and torques of a
multi-rotor is known as control allocation. In our work the DSAM has reconfigurable rotors,
where each rotor can be tilted around the body x-axis. Also the front rotors are different from
the back rotors, so the ordering of the rotors is of importance. Define the the first rotor to be
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2-4 Control Allocation 13

the front left rotor that rotates Counterclockwise (CCW), the second rotor to be the back
right rotor which also rotates CCW, the third rotor to be the back left rotor that rotates
Clockwise (CW) and finally the fourth rotor to be the front right rotor that also rotates CW.
Define n; to be 1 for the CCW propellers and —1 for the CW propellers to account for the
rotation direction. Next define angle 0; as the rotation angle of propeller i around the body
z-axis. Then the thrust vector of propeller 7 denoted in the body frame B is calculated as:

1 0 0
BTz' = RBPi PiTi =10 COS 91 sin 91 biw;ieg (2-18)
0 —sinf; cosb;

and the drag moment of propeller i is calculated as:

1 0 0
BQi = niRBPZ' PiQi =1y 0 COS (91 sin (91 diwﬁﬂ-eg (2—19)
0 —sinf; cosb;

Control allocation considering only propeller thrust and drag then takes the form of:

(B;;> = Giw, 0w, (2-20)
B
with o the Hadamard product and
Wp,1
G, = niRppdie3 naRpp,does n3Rpp,dzes nyRpp,dies CROA o = | Wr2
Rpp,bies Rpp,boes Rpp,bses Rpp,bses PP Wp,3
Wp,4
(2-21)

in which d; is the drag coefficient and b; is the thrust coefficient of propeller i. Note that only
four inputs are possible, so to invert matrix G, either a pseudo-inverse needs to be used, some
quadratic optimization on the propeller speeds or we restrict the force and torques we try to
allocate to only consider the force in the body z-direction. We will take the last approach in
this work and define the actual the reduced control allocation matrix

= |mRppdies naRpp,dies n3zRpp,dzes niRpp,dies 4x4
Gi=|_1 T T T €R (2-22)
83 RBP1 5163 63 RBp2b283 63 RBP363€3 63 RBp4b4€3

such that
~—1 T
wpow, =G4 <|§F||> (2-23)

For now we have only considered the rotor thrust and drag for the control allocation. In
literature it has also been studied to include other effects, such as the rotor dynamics and
gyroscopic forces of the propellers. In [54] these effects are added and summarized in additional
matrices G2 corresponding to the propeller dynamics and G5 corresponding to the gyroscopic
terms. It has been found that neglecting the gyroscopic terms G3 has little influence to
the control performance of the multi-rotor in [54] using Incremental Nonlinear Dynamic
Inversion (INDI), so this will also be neglected in this work. However neglecting the G matrix
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14 Preliminaries: Modeling of the DSAM

related to the spin-up torque seemed to greatly influence the INDI control performance. For
that reason this term will also be included in this work. However in this work the matrix was
derived for a standard multi-rotor with non tilted rotors. For this work we will have to derive
the G5 matrix with tilted rotors.

The inertial torques of each rotor can be summarized as
Lp,iWp,i p,€z = NiTp,i p,€z (2-24)

where 7, ; is the rotor inertia tensor in the rotor frame and p e, is aligned with the thrust
direction of the propellor. Again we want to know the torques applied in the body frame B so
we write the following relation for the inertial torque of propeller i:

BTin = Ly iRBp,wpie3 (2-25)
which leads to the following G2 matrix:

nly,1Rppes nol,sRpp,es n3l,3Rppes nil, Rppes

G p—
2 03x1 03x1 03x1 03x1

c RO*4 (2-26)

Now the full nonlinear mapping from propeller speeds and its derivative to body forces and
torques is given as

<BT> = Giwow + Gaw (2-27)
gF

We also define the reduced G9 matrix as:

Gy — Ip.Rppes 1,2Rppes IpsRppes I,4Rpp,es c RAx4 (2-28)
0 0 0 0
such that we can approximate the mapping as:
BT ) = Gwow + Gow (2-29)
| |l

2-5 Contact Modeling

Aerial manipulators are specifically designed to interact with their environment, which intro-
duces unique challenges in both simulation and control. Unlike traditional aerial vehicles, these
systems must maintain stability while exerting or receiving forces through physical contact
at the end-effector during Aerial Physical Interaction (APhI) tasks. In this section we will
discuss how contact is incorporated in both control models and simulation.

There are two primary approaches to modeling contact: hard contact models and soft contact
models. In the soft contact model, interactions are represented through continuous contact
forces. The most common and easiest soft contact model is by modeling the environment
as a mass-spring-damper system. This is done in impedance control and admittance control
and is commonly applied in robotics [51]. For aerial manipulation the soft contact model is
also often applied, including in impedance controllers [48, 44, 66] and in Nonlinear Model
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2-5 Contact Modeling 15

Predictive Control (NMPC) where the contact model is explicitly included in the dynamics [59].
The main challenge with soft contact models in simulation is that the combined differential
equations of the multibody system and contact dynamics of the simulation can become highly
stiff [21]. This stiffness leads to either poor numerical accuracy or long computational times
when solving the differential equations.

The hard contact model treats contact as a kinematic constraint rather than a force-displacement
relationship. Instead of computing contact forces based on penetration depth at the contact
point, forces are calculated based on a kinematic constraint related to the contact with a
contact Jacobian. This can be easily included in optimization based control methods by
including this kinematic contact constraint [46]. This approach can offer computational
advantages especially in simulation but requires careful handling of contact transitions and
impulses as it introduces non continuity in the dynamics.

Contact modeling is crucial not only in the control algorithms but also for achieving realistic
simulation behavior. Accurately modeling physical contact phenomena such as friction, impact
and compliance present significant challenges, and simplifications are commonly done in
practice. Simplifications however introduce discrepancies between simulated and real-world
behavior and a balance has to be found between computational efficiency and realistic contact
behavior. Many physics engines and simulation environments support contact modeling
for robotic systems. In this work we consider Gazebo [30] for implementation of the final
flight stack and MATLAB SimScape [58] for controller prototyping. Gazebo provides a
comprehensive robotics simulation stack with ROS integration, but lacks contact realism.
Controller implementation and modeling in SimScape is easier, but there is larger gap from
the controller implementation in this software and the actual flight stack.

As we utilize MATLAB SimScape for controller prototyping for APhI tasks, the following part
will describe SimScape’s approach to contact modeling. For contact between two 3D rigid
bodies, it will be assumed to occur at a single contact point with an associated reference frame
Y¢. According to Newton’s third law, equal and opposite forces are applied to both bodies,
which consists of a normal contact force and a friction force.

Let d denote the penetration depth of the two bodies at the contact point. The normal contact
force is applied along the z-direction of the contact frame and opposes the penetration direction.
The friction force acts within the contact xy-plane and opposes the relative tangential velocity
between the bodies.

The normal force in SimScape is modeled as:
oFn = s(d,w) (kpd + kpd) ce. (2-30)

where w is the transition width parameter, s(d,w) is a smoothing function for the contact
force, kp and kp are the contact stiffness and damping coefficients, respectively, and d is
the rate of change of penetration depth. SimScape employs a soft contact model, where the
smoothing function s(d, w) is introduced to prevent discontinuities in the system dynamics.
This function satisfies: s(0) = 0, s(w) = 1, and increases monotonically and continuously on
the interval [0, w]. The transition width parameter is also introduced to prevent numerical
issues. To simulate a rigid surface, high contact stiffness gains and a small transition width
must be chosen. A balance must therefore be found between solver performance and realistic
rigid body contact.
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16 Preliminaries: Modeling of the DSAM

Next, the friction force is calculated according to the smooth stick-slip method. In this model,
the friction force acts opposite to the relative tangential velocity at the contact point, with a
magnitude that depends on the effective friction coefficient peg. This coefficient transitions
smoothly between the static coefficient ps; and the dynamic coefficient pg as a function of the
tangential slip velocity:

tefi(v) = g + (ps — Hd) $(Verit, V) (2-31)

where v = | ;v is the magnitude of the relative tangential velocity at the contact point,
Verit 18 the critical velocity threshold, and s(vet, v) is a smoothing function that satisfies
$(Verit, 0) = 1 and $(veyit, v) — 0 for v > v The resulting friction force vector in the contact
plane is then given by:

v
oFr = —pei(| o)) loFnl ——— (2-32)
max(] vl 6)

where v is the relative tangential velocity vector at the contact point in the contact plane,
| F'n| is the normal force magnitude, and € is a small regularization constant to avoid division
by zero. This formulation ensures a smooth transition between the sticking regime, where
Leff & [1s, and the sliding regime, where peg ~ 14, avoiding discontinuities that could destabilize
the numerical integration.

2-6 Summary

In this Chapter the kinematic and dynamic modeling of the DSAM is presented. The different
relevant aerodynamic forces for the platform are introduced and the control allocation is
derived. Lastly a brief introduction is given into contact modeling. Specifically the SimScape
Multibody [58] contact modeling is explored in detail, as this simulator is used for prototyping
the controller design proposed in this work. Using the models and relations derived in this
Chapter it is possible to design model-based controllers for the platform to perform APhI
tasks. In the next Chapter the nonlinear control methods considered in this thesis are formally
introduced.
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Chapter 3

Preliminaries: Nonlinear Control

In this Chapter the nonlinear control methods that are applied in the proposed controller
designs of this thesis are introduced. First a theoretical introduction to Nonlinear Dynamic
Inversion (NDI) and Incremental Nonlinear Dynamic Inversion (INDI) is given and the
advantages and disadvantages of these methods. As we are interested in robust disturbance
rejection properties, disturbance estimation used in nonlinear control is introduced and this
will allow for another view on the relation between NDI and INDI. Finally Nonlinear Model
Predictive Control (NMPC) is also introduced.

3-1 Nonlinear Dynamic Inversion

Consider a class of Single-Input Single-Output (SISO) nonlinear systems of the form:
z = f(x)+g(@)u (3-1)
y = h(=) (3-2)

where © € R™ and the mappings f, g and h are sufficiently smooth in a domain D C R". If
there exists a diffeomorphism 7' : D — R"™ and the change of variables z = T'(x) transforms
system (3-1)-(3-2) into the form:

z = Az + Bf(x)(u — a(x)) (3-3)

then under certain conditions [29] the system is feedback linearizable and NDI can be applied
by choosing u = B(x)~'v + a(x). This method is referred to as full-state linearization and
transforms a nonlinear system to a linear one:

z=Az+ Bv (3-4)

in which v the virtual control input can be chosen as v = — Kz with K such that A — BK is
Hurwitz. Applying this diffeomorphism however does not mean that the output description
y = h(T'(z)) is a linear equation. If the output equation is nonlinear, reference tracking is
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18 Preliminaries: Nonlinear Control

still difficult to achieve. Under certain conditions the input-output relation can be linearized
with feedback which is called input-ouput linearization. For this we look at the derivatives of
the output and introduce the relative degree. We start by introducing some notation. The
derivative of the output can be written as

. Oh(x)
y= oz

[f(®) + g(®)u] = Lh(z) + Loh(x)u (3-5)

where Lyh(x) and Lyh(x) are the Lie derivatives of h with respect to vector field f of g
respectively. The following other notations will be used:

Lopgn(e) = 22 () (36)
Bh@) = LyLshia) = 220 pia) (3-7)
A(LE1h
Iih@) = Lyt hie) = 2 pia) 33)
Ln(z) = h(x) (3-9)

If Lyh(x) = 0, then y is independent of the control input u. By continuing with the next

derivative,

(2) _ O(Lysh)
ox

if LyLh(x) =0, then the second derivative of the output is also independent of the control.
By repeating this process if at some point:

[f(x) + g(x)u] = L}h(x) + Ly Lgh(x)u (3-10)

LyLi'h(z) =0, i=1,2,...,p—1 (3-11)
and
-1
Ly "h(z) #0 (3-12)
then we know that u does not appear in the expressions of ¥, 7, . .. ,y(p_l), but does appear in

y(P) with a nonzero coefficient:
Yy = Lih(z) + Lyl h(z)u (3-13)
The integer p is called the relative degree and the input u can chosen as

v— Lfch(ac)
LgLy "h(x)

such that the resulting system becomes:
Y = (3-15)
which is a chain of p integrators, with v the virtual control input. Note that we have a direct

relation between the output and the virtual input, therefore this form is called input-output
linearization.
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3-1 Nonlinear Dynamic Inversion 19

We can extend this idea to Multiple-Input Multiple-Output (MIMO) systems. The system is
now of the form:

&= f(z)+g(z)u
y = h(x) (3-16)

in which € R?, v € R™ and y € RP. The function f is a smooth mapping R” — R",
g a smooth mapping R" — R™ x R" and h a smooth mapping R” — RP. If p < m, so
there are more inputs than outputs, then the problem is overdetermined. If p > m, so more
outputs than inputs, then the problem is underdetermined and possibly not all outputs can
be controlled. We will assume p = m for the rest of the derivation of the input-output
linearization. By denoting the elements of h as h;, ¢ = 1,2,...,m and the columns vectors of
gasg;,j=12,...,m, we can define an extension to the relative degree p to MIMO systems.
The vector relative degree p = [p1 p2,..., pp]T contains the relative degree of each output
channel 7 € {1,2,...,p}, where the relative degree p; of an output channel i is defined as the
smallest integer such that V& € R™, at least one input channel j € {1,2,...,m} satisfies:

Ly, L5 hi(x) # 0 (3-17)
If furthermore the vector relative degree satisfies:

m
p=llplh =Y pi<n (3-18)
i=1

then the output dynamics of the system can be represented as:

W (L@ ] [Lalp @) Ly (@) e Ly £ )
2| | L) | Lol he(@) Lol ha(@) e Lo, LFhale) |
(o) LY hn () Lo L5 hin(@) Loy L5 (@) o Lo L5 ()
(3-19)
which can be compactly written as
yP) = a(z) + B(z)u (3-20)

If p = n then the system is full-state feedback linearizable and there are no internal dynamics.
Otherwise there are n — p internal dynamics and stability of the total system can be shown
using a nonlinear state transformation. If there are internal dynamics then there exist smooth
functions

p1(x)
¢(@) = @Sw) (3-21)
u-pl)
such that
%gj(l") =0, Vke{l,2,....n—p}, Vje{l,2,....,m}, Vze D,. (3-22)
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20 Preliminaries: Nonlinear Control

Then using the diffeomorphism

2 =T(x) = [T1(x), Ta(x)]" = [n.€]" (3-23)
with
n = ¢(x) (3-24)
5 = [ f’ggﬂ"'ugz;g]T (3_25)
& = [hi(@), Lohi(x),.... L0 hi()]", i=12,....m (3-26)

the nonlinear system can be transformed into

- _ 99
1= fo(n,€) = 5 f(@) 1)

é = Acs + Bc[a(m) + B(x)u]
y=Cc§

where A, = diag{ AV}, B, = diag{BY}, C. = diag{C?}, i = 1,2,...,m, and (4%, BY,C?) is a
canonical form representation of a chain of p; integrators. The NDI control is then chosen as

(3-27)

u=B"z)(v - a(x)) (3-28)

so that the resulting closed-loop system is:

0= Fo(n,€) = 22 f(a)

é: Ac£+BcV
y=0C

This system has n — p internal dynamics and m decoupled channels. The relation between
each input channel v; and each output channel y; is a chain of p; integrators. The NDI control
input stabilizes the system when the internal dynamics are Input-to-State Stable (ISS) and
the virtual control input v is chosen such that the linearized system is stable.

=T-1(z
e (3-29)

Applications of NDI or feedback linearization are commonly found in aerospace applications as
the dynamics are nonlinear. It has been applied in aircraft [19] and in multirotors [16]. Note
that by assumption of the dimensions, NDI can not directly be applied on an underactuated
system where the number of inputs is smaller than the degrees-of-freedom (DoF). A specific
controller needs to be designed to deal with this underactuation. For example in quadrotors
the input has to be transformed to total thrust and moments in order to apply feedback
linearization or a hierarchal control architecture can be applied. In (aerial) manipulation tasks
NDI is often used without explicit mention, for example in impedance control [26, 28, 66, 35].
In [65] NDI is included to be able to apply Hso-controller synthesis.

The NDI is a useful tool that transforms a nonlinear system into a decoupled linear system
using feedback. Linear control can again be applied on the feedback linearized system such
as PID-control [41] or linear robust control [65]. The main drawback is that the method is
dependent on an accurate model description () and B(x) to cancel the nonlinearities in the
system. In reality it is impossible to obtain an perfectly accurate model due to many factors
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3-2 Incremental Nonlinear Dynamic Inversion 21

such as model simplifications and external disturbances. The main drawbacks of NDI led to
research to improve the robustness of this approach. For example combining linear robust
control techniques such as Hoo synthesis with NDI [65]. Another example is INDI, which uses
measurements to reduce model dependency, which will be elaborately explained in the section
3-2.

3-2 Incremental Nonlinear Dynamic Inversion

Consider again the following class of nonlinear systems:
&= f(x)+ G(z)u
y = h(z) (3-30)

in which £ € R”, u € R™ and y € RP. The function f is a smooth mapping R — R", g a
smooth mapping R" — R™ x R"™ and h a smooth mapping R” — RP. Using input-output
linearization as described in section 3-1 the model can be rewritten in the form:

y(”) = a(x) + B(x)u (3-31)

And if the vector relative degree of the system has the property p < n then it can be rewritten
in canonical form as in section 3-1:

lf] = fo("% S)
€ = A + B.la(z) + B(z)u (3-32)
Y= CCE

Suppose now the state, output derivatives and input can be measured at time ¢y, which is
At from the current time ¢. The output can be estimated then using a Taylor approximation
around tg. The measurements at tg of the state, output derivatives and input are xq, y(()p ), Ug
respectively. Then using a first order Taylor-expansion we estimate:
) ~ ., Ola(z)+ B(x)u)
Yy Yy + Oz

x — xo) + B(xo)(u — uo) (3-33)

=T (
u=ug

If we assume x — xg = 0 for sufficiently high sampling time At due to continuity of the state
(this also known as the time-scale separation assumption [54]), then we can rewrite the relation.
Defining Au = u — ug, the INDI control law is then chosen as:

u=1ug+ Au = ug +B_1(u—y((]p)) (3-34)

The input increments with Aw relative to ug, which is why it is referred to as an incremental
control method. Furthermore the matrix B~ is often referred to as the control effectiveness
matrix. Recall the NDI control law was defined as:

u=B"1v-a(zx))

When comparing the two expressions we notice that the INDI is not dependent on o anymore,
but instead on the output measurement y§ and measured input wg. INDI is less dependent

Master of Science Thesis D. Liu



22 Preliminaries: Nonlinear Control

on the complete model, but requires additional output and input measurements. This is why
INDI is also referred to as a sensor-based approach.

INDI is inherently a discrete control method so a sampling time At should be chosen for
the control method. The stability of the control method also depends on this sampling time.
Intuitively the stability of INDI can be linked to the so called time-scale separation [54, 52],
though this assumption is not mathematically rigorous. In [62] a rigorous proof using Lyapunov
methods has been given. Furthermore in [27] stability conditions on model errors and time
delays are given.

INDI has appeared mostly in aerospace application. In [54] an adaptive INDI method has been
applied on control of a multi-rotor and in [47] on an aerial manipulator. Robustness of INDIT is
verified in many simulations and experiments [37, 36]. In [61] a comparison is made between
NDI and INDI for reference tracking for a rigid aircraft with different modeling errors and it is
shown that INDI outperforms NDI greatly in robustness. The main drawback of INDI is the
use of acceleration measurements which can be done using direct measurements [11] or indirect
derivation methods [54, 37]. For indirect derivation methods the state derivative has to be
calculated, which amplifies high frequency noise. For this reason filters have to be applied,
however this influences the time delay between control and measurements and therefore also
stability and performance of the closed-loop system. In [36] a nondelay differentiator design is
proposed for the state derivative calculation to combat this time delay.

3-3 Disturbance Estimation

Consider a nonlinear system written in input-output form
yP) = a(z) + B(x)u, (3-35)

where y € R™ is the output vector, p denotes the vector of relative degrees. Systems expressed
in dynamic canonical form, as introduced in Chapter 2, are examples of this structure, where
typically p = 1.

Assume now that there is an additive disturbance d € R™, which affects each output channel:

y®) = a(z) + B(x)u + d. (3-36)

Suppose that the output derivatives y(®), the state x, and the control input u are known at a
given time instant tg. Then, an estimate of the disturbance at time ¢y can be obtained as

&0 = y(()p) - d(wg) - B(:Bo)’u,g, (3—37)
where & and B denote the model estimates evaluated at to.
3-3-1 Disturbance Observer
Rather than directly computing the disturbance from instantaneous measurements, it is

common to construct a disturbance observer as in [14]. A common assumption is that the
disturbance varies slowly compared to the system dynamics:

d=~ 0. (3-38)
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3-3 Disturbance Estimation 23

Define the disturbance estimation error as
eq=d—d. (3-39)
We will use first-order error dynamics,
éq+ Leg =0, (3-40)
with L € R™*™ Hurwitz. This yields the observer dynamics

d=-Ld+L(y? - a@) - Blz)u). (3-41)

Under the assumption of bounded model errors and sufficiently slow disturbance variation,
the estimation error e; converges to zero.

3-3-2 Disturbance Observer Based Control

Disturbance estimates can be incorporated into the control law to improve robustness against
external disturbances and model uncertainties. Note that since the disturbance estimate is
model-based, unmodeled dynamics and parametric uncertainties are lumped into the estimated
disturbance.

Consider applying NDI to system (3-36), which includes additive disturbances. If a disturbance
estimate d is available, the control law can be chosen as

u=8"(z) (v-daz)-d), (3-42)

which results in linear output dynamics with virtual control input v if the model is completely
correct.

Now consider using the direct disturbance estimate (3-37) evaluated at time ¢y. Substituting
dj into the NDI control law gives

u=B"(z) (V —y + B(fco)ut)) ; (3-43)

which can be rewritten as the incremental control law

A

Au=B" () (v-y). (3-44)

This expression is exactly the INDI control law.

Now consider the disturbance observer dynamics in (3-41). This can be written as
d=1L(y* - a(z) - Ba)u-d), (3-45)
which reveals that the observer acts as a first-order filter of the instantaneous disturbance

estimate. We can take the direct disturbance estimate as in (3-37).

For sufficiently large observer gain L, the observer dynamics become fast compared to the
plant dynamics. Introducing L = eI with 0 < € < 1, the observer equation can be written
as

ed=dy—d. (3-46)
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24 Preliminaries: Nonlinear Control

In the limit € — 0, the fast dynamics result in the disturbance estimate
d = dp, (3-47)

which shows that a disturbance observer approaches the direct disturbance estimate obtained
from instantaneous measurements in the high-gain limit.

This result further clarifies the relationship between NDI with disturbance observer and INDI.
While NDI explicitly relies on model-based cancellation and dynamic disturbance estimation,
INDI implicitly assumes a high-bandwidth disturbance estimation by directly using incremental
measurements. Consequently, INDI can be interpreted as the high-gain limit of NDI with a
disturbance observer.

3-4 Nonlinear Model Predictive Control

Rather than solving a nonlinear control problem analytically, an optimal solution can be
obtained numerically through the use of optimization algorithms. This is achieved by including
the nonlinear system dynamics into a nonlinear Optimal Control Problem (OCP) as equality
constraints. NMPC is an advanced control strategy that solves this OCP iteratively in a
receding horizon fashion.

Consider a continuous-time nonlinear system described by:

(t) = fe(x(t), u(t)) (3-48)

where x(t) € R™ is the state vector and u(t) € R™ is the control input vector. To formulate
the OCP, the system is discretized with a sampling time 75, leading to the following discrete-
time model:

Tpy1 = fa(Tk, ug) (3-49)
where x; and u; denote the state and input at discrete time step k, respectively.

At any current time step ¢, given the measured or estimated current state x(t), a finite-horizon
OCP over a prediction horizon N is formulated as follows:

N-1
min ; (i, ui) + Vi(@n)
st. xo=x(t)
xip1 = fa(®i, w;), 1=0,...,N—1 (3-50)
g(z;,u;) <0, i=0,...,N—1
h(x;, u;) = 0, i=0,...,N—1
TN € Xf
Here, U = {uyg,...,un_1} is the sequence of control inputs, and X = {xg,...,xxN} is the

corresponding sequence of predicted states. The objective function consists of a stage cost
¢(-) and a terminal cost V¢(-). The optimization is subject to the initial condition constraint
xo = x(t), the nonlinear system dynamics fy(-), generic inequality constraints g(-), equality
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constraints h(-), and optionally a terminal set constraint Xy, which is usually included for
stability properties.

Solving (3-50) yields an optimal input sequence U* = {u§,uj,...,uj_;}. The receding
horizon principle then is to only apply the first element of this optimal sequence to the system:

u(t) = ug (3-51)

At the next control instant, the horizon is shifted with the NMPC control time step, the state
is measured again, and the optimization problem is solved again.

The NMPC can be used as described above as direct feedback controller. NMPC can also be
used in a cascaded architecture as a high-level trajectory planner. In this paradigm, rather
than exclusively using the first control input, the predicted optimal state trajectory X* can
be passed to a high-frequency inner-loop controller as a reference. Furthermore, the optimal
control sequence U* can be injected as a feedforward term to enhance the trajectory tracking
performance of the inner loop.

NMPC has seen widespread use in aerial robotics. For example, Lunni et al. [39] implemented
NMPC on an onboard computer to enable a physical aerial manipulator to track a 3D reference
with its end-effector. Similarly, Tzoumanikas et al. [59] utilized NMPC to control an aerial
manipulator for complex aerial writing tasks. Sun et al. [55] successfully applied NMPC for agile
drone flight, analyzing its performance both as a standalone controller and within a cascaded
control architecture. Furthermore, Marti-Saumell et al. [42] demonstrated the effectiveness of
NMPC in executing aggressive maneuvers across various simulated environments.

A primary advantage of NMPC is its systemic ability to explicitly handle state and input
constraints within complex systems. Furthermore, the predictive nature of the receding
horizon allows the system to incorporate future dynamics and constraints into current control
decisions. This is particularly beneficial for systems that need to navigate highly dynamic or
constrained environments. Moreover, the increasing computational capabilities of lightweight
embedded computers and more efficient optimization algorithms have made real-time onboard
NMPC feasible for autonomous robots. However, the approach has notable drawbacks: solving
non-convex, nonlinear optimization problems in real-time is computationally demanding, and
the performance is highly dependent on the accuracy of the dynamic model and the rigorous
tuning of the cost function.

Finally, guaranteeing the recursive feasibility and asymptotic stability of the OCP for non
nominal cases remains a challenging theoretical problem. For linear systems, robust linear
Model Predictive Control (MPC) paradigms, such as tube-based MPC, have been well-
established to guarantee stability and recursive feasibility under uncertainties [43]. While
robust NMPC frameworks exist, proving recursive feasibility and designing robust invariant
sets for highly nonlinear dynamics requires significantly more effort and is part of ongoing
research.

3-5 Summary

In this Chapter, the nonlinear control methods NDI, INDI and NMPC are formally introduced.
With these nonlinear control tools and the modeling approaches in Chapter 2, we can introduce
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the controller designs proposed in this work for the Differential Shoulder Aerial Manipulator
(DSAM) for performing Aerial Physical Interaction (APhI) tasks. This will be done in the
following Chapter.
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Chapter 4

Controller Design

In this chapter we will introduce all the parts of the novel controller designs proposed in this
work. The goal of the proposed controllers in this work is to achieve simultaneous force and
end-effector pose tracking in Aerial Physical Interaction (APhI) tasks. Incremental Nonlinear
Dynamic Inversion (INDI) will be considered to enable robust tracking performance and
furthermore we consider Nonlinear Model Predictive Control (NMPC) as outer loop similar to
[55]. The following control schemes will be proposed and compared:

1. A novel baseline NMPC formulation adapted from [55] and where the dynamics are
modified based on the Differential Shoulder Aerial Manipulator (DSAM) dynamic model
derived in Chapter 2 and states related to the manipulator are added to the cost. The
formulation will be contact-aware. External force feedback (FF) is used in the cost of the
NMPC and the desired reference force is included in the NMPC dynamics (NMPC-FF).

2. The NMPC-FF controller augmented with a INDI inner loop attitude controller, similar
to the work of [55] (NMPC-FF-INDI)

3. The NMPC-FF controller augmented with a cascaded INDI inner loop controller (NMPC-
FF-CINDI), where the cascaded controller is based on [53].

The proposed controller formulations are valid for general (underactuated) multibody aerial
manipulator systems and can also be applied to other aerial manipulator configurations by
changing the multibody dynamics.

We will assume all generalized coordinates and velocities to be available from a Extended
Kalman Filter (EKF) algorithm combining VICON motion capture measurements and Inertial
Measurement Unit (IMU) measurements. Also the acceleration of the base is available from
the IMU of the DSAM. In the next sections we will explore each of the proposed controllers
in more detail.
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Figure 4-1: A schematic of the NMPC-FF control loop.

4-1 Baseline NMPC formulation

A schematic of the high level NMPC-FF control loop is given in Figure 4-1. In this section
we will define the Optimal Control Problem (OCP) of the baseline NMPC controller. Our
baseline controller will have some similarities to the control design in [59], however there are
some significant hardware differences such as a different manipulator and aerial platform.
For this reason it is not possible to exactly copy the controller and the baseline might not
perform as well as for the original application, however it provides us with an initial design.
One significant hardware difference between our aerial manipulator and the one in [59] is the
Delta arm and in our case the two-degrees-of-freedom (DoF) arm. Also in [59] they attached
a spring to the pen to add compliance. A linear spring contact model is used in the NMPC.
This model is an accurate description of their aerial manipulator because of the compliance in
the hardware. We will not have this compliance in our manipulator. In this section we will
reconsider the contact modeling to try to improve performance in contact-based tasks.

For the proposed NMPC controller a model containing the Equations of Motion (EoM) of
the aerial manipulator system in free flight is used and extended with a model of the contact
dynamics. We will assume knowledge on wall position and the normal vector of the surface.
This information can be estimated using sensors such as cameras, or be obtained from prior
knowledge of the environment.

4-1-1 Contact modeling

At every time instant in which the aerial manipulator interacts with the environment, we
assume this interaction will be on a single point C located at the contact position p, of a
surface with normal vector e,,. The values p, and &, are the estimated contact position and
normal vector at that timestep, which depend on the reference trajectory and can change each
time step. For example with vision information it is possible to obtain a parametrization of a
surface and derive these values as done in [6].

The estimation of parameters of the contact surface is not the focus of this work. For simplicity
we assume surfaces to have simple geometries. Specifically we assume in the contact-based
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tasks that the surface location is prior knowledge and we assume that the surface has a
constant normal vector over its entire surface. Considering these simplifications, only the
projected distance on the normal direction of the wall is relevant. As the surface is a flat
surface, p. can be chosen to be any arbitrary point on this surface.

In [59] a linear spring model is used to predict the contact force F.. This force acts in the
normal direction of the surface at point C and is dependent on the penetration depth of the
end-effector dje,,. The penetration depth is calculated as follows:

dpen = (I}c - pe)Tén (4_1)
The contact force is then calculated as:
Fc = kp,contactdpenén (4'2)

where kj, contact 18 the chosen stiffness of the contact model. This contact model is used to
predict contact and anticipate it in a given trajectory. It is used in the both the dynamics and
the cost of their proposed NMPC formulation. For our aerial manipulator design this model
is not an accurate description of reality as mentioned before and it shows oscillatory behavior
especially at the moment of contact. In the results section a brief comparison will be made
with this way of contact modeling and our proposed controller in simulation for the DSAM.

In our proposed controller the contact force enters the NMPC formulation in two different
ways. In the dynamics the desired force is directly used. In the cost a combination between
an estimated contact force and the linear spring model is used. The external contact force
can for example be directly measured using a force/torque sensor at the end-effector, or be
directly estimated from the dynamics. We will choose the latter due to hardware constraints.

We want to estimate the external wrench weyt acting on the aerial manipulator. This
estimate is obtained by comparing the filtered acceleration measurements with the model-
based accelerations computed from the filtered control inputs. The external wrench consists
of the external force F'ey; and the external moment M oy:
Fext
= 4-
Wext [Mext ( 3)

By assuming quasi-static motion of the arm, the contributions of the arm dynamics to the
total force can be neglected. The external force estimate in the inertial frame is then given by:

Foxi = Rip (myotaiay — Fiy f) (4-4)

where myotal is the total mass of the aerial manipulator, ay is the filtered body acceleration
measurement, and F'y ¢ is the estimated force acting on the base computed from the filtered
motor speeds uy. The rotation matrix R;p transforms the force from the body frame to the
inertial frame.

Similarly, under the quasi-static arm assumption, the contribution of the arm angular dynamics
to the total body moment can be neglected. The external moment estimate in the body frame
is then:

A

M ey = Tiotal pWo,f + pwo,f X (Tiotal BWo,f) — To.f (4-5)
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where I, is the total inertia matrix of the aerial manipulator in the current configuration,
pWy, s is the filtered angular acceleration measurement, 7 ¢ is the estimated torque acting on
the body computed from the filtered motor speeds, wy, s is the filtered angular velocity and
sWh f X (Ltotal gws,f) is the gyroscopic term. In this work this estimated external torque was
not used as the sliding tasks applies no external moments on the end-effector.

For the NMPC formulation we will assume the estimated external force to be the contact
force when contact is expected. We take ﬁ‘c as the estimated external force F.;:. The contact
force used in the cost will be based on the sum of the estimated external force and the linear
spring model:

oA~T ~
Fc,cost,k = mmax (07 Zc,kFc én + kp,contactdpen) €n (4'6)

where p, ;. is the predicted end-effector position at timestep k and i, is a contact indicator
variable at time-step k. Define our reference penetration depth at time step k as:

gen,k = (f)c - p;k)Tén (4_7)

Then we define the contact variable as follows:

. Wy
0 if dgen,kz ~ —?
1 dr k + ot w
; (1= _penk | 2 if |dr et 4-8
o = { & ( (W o it [y < 2 (43)
. Wt
1 if dgen,k Z ?

where wy is a contact transition width which is chosen to be 1 cm. This modeling approach is
chosen to avoid discontinuities at the exact contact position.

The reason we multiply the external force with a contact indicator variable is because the
external force can be due to different reasons, for example disturbances and modeling errors.
By introducing the contact indicator we only assume the measured external force is a contact
force when contact is expected in the reference trajectory. We also take the dot product
between the external force and the normal direction of the surface, because we want to track
the normal contact force for our application. There might be friction forces due to contact
and in this way they will be ignored in the cost. The contact indicator is dependent on the
reference penetration depth. This design choice was taken to avoid switching behavior in
contact-based tasks.

Also note the use of the maximum operator. We assume that the contact force applied can
only be positive. The intuition behind this is that a contact force will never 'pull’ the aerial
manipulator towards the surface, only push it away due to contact. The spring model is added
so the planner is able to relate force with base motion. By planning a trajectory into a contact
surface, the system will apply more force and the estimated contact force should increase.
By moving away from the wall, the force decreases and the estimated contact force should
also decrease. The intuition behind this combination between estimated contact force and
spring model was to create a force tracking ability of the controller. The addition of this cost
term will also allow us to combine the NMPC controller with the cascaded INDI controller
for physical interaction in any direction, which will be further explored in the experimental
results.
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The contact force in the dynamics will be defined differently:
Fc,dyn,k = ic,sz,k (4—9)

where F' ;. is the reference force which can be directly used from the reference trajectory.

The reason for introducing the contact force differently in the dynamics and cost will also be
explored in more detail in the results section, where we will compare the proposed controller
to modified controllers using the same contact force modeling for the cost and dynamics.
However one important reason of not using the external force estimate in the dynamics is that
this estimate is based on accelerometer data, which is found to be very noisy in the physical
DSAM system.

4-1-2 NMPC-FF formulation

Now that we have a model for the contact force, we want to include it in the NMPC formulation
to make it contact-aware. The contact force is applied on the end-effector when it is interacting
with the environment. This external force on the end-effector can be related to the dynamics
in generalized coordinates using the end-effector Jacobian Jg. This Jacobian can be obtained
as described in Section 2-1. The contact force is introduced in the dynamics as follows:

M(q)v+C(v,q) +G(q) =T+ JEFeaym (4-10)

The state and input variables of the system are the generalized variables and velocities of
an aerial manipulator system described in Chapter 2. The state vector at each time step is
defined as

z=[p; vy @ pwyn 0] (4-11)
where pr is position of the base in the world frame, v is the velocity of the base in the world
frame, q; the quaternion parametrization of the base orientation relative to the world frame,
pwp the body angular velocity in the body frame and 1 the manipulator joint angles. The

input vector is given as:
u=[w! 7] (4-12)

where w,, is the vector of the rotor speeds and 7, are the desired joint angles. These desired
joint angles will be used as reference in the low level controller of the manipulator. Note
that in the dynamics we derived in Chapter 2, we did not have joint reference positions n,.
as input, but instead the arm torques. The reason for this modification is due to hardware
constraints where the arm is controlled using position control. The dynamics of the arm in
the whole-body dynamics and thus the NMPC is modified to an approximation:

= kp@rm(nr - 77) - kd,armh (4_13)

The actual position control of the arm is not a PD controller in the DSAM, so this part will
introduce some model mismatch into the whole-body dynamics.

Furthermore the propeller speeds w,, also need a mapping to body torques and forces for the
multibody dynamics. For the NMPC formulation the inertial forces of the rotors are neglected
and the direct mapping:

-
<§F> = Giw) 0wy (4-14)
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is used.
The NMPC will find the optimal control sequence U* = [uf, uj,. .., uw)] and state trajectory
X* = [x§, z], ..., x| by minimizing the sum of stage costs Ly(xy, ux) for k € [0,1,..., N] and

the terminal cost ® 5 (xn)), where the solution satisfies the imposed dynamics and constraints.
The mathematical formulation of the OCP proposed in this work has the following form:

N-1
U* = argmin > L(xg, up, wp,) + (TN, TN,) (4-15)
k=0
st xpr1 = fa(®r, uk, Fedynk), (4-16)
xo = x(t), (4-17)
(RS [umina umax] (4‘18)

in which NV is the discrete horizon length and fj is the discretized dynamics. The input bounds

Upin = [0,0,0,0, — 27r —7)T and wmax = [2000, 2000, 2000, 2000, 17277 7|7 were chosen for the

NMPC corresponding to the minimum and maximum rotor speeds and joint angles.

The stage costs L consist of the error between the reference and predicted state and the
magnitude of the predicted control input. The terminal cost is only based on the error in
predicted and reference state. The following errors are defined:

€p.B =Pp — PB ( )
e, =v — v, (4-20)
eq.5 = (475 © 41,13, (4-21)
ew = pws — RBB, p Whr (4-22)
ey ="n-1, (4-23)
ey =1 — 1, (4-24)
€p.E = Pg ~ PE,y (4-25)
en,E:IezE_Iefr ( )
e, =uU— U, (4-27)
ey = |[Fecostll2 — [|Fell2 (4-28)

where ;e is the unit a-vector of the end-effector frame X expressed in the world frame >;
and ;eLr is the unit z-vector of the reference end-effector frame L g, expressed in the world
frame ¥;. Each of the errors has a corresponding weighting matrix @, g, Quv, @¢,B, Qu, @n,

Qs Qp.Es Qn,E, Qu and Q5 which are parameters that have to be chosen. The stage cost is
then defined as

T
Lz, wp, xr,) = Z e; Qje; (4-29)
J
with e; € {e, B, ey, €qB,€u, €y, €y, €pE,enE, ey er} and the terminal cost

O(xn, xN,) Ze Qje; (4-30)

with e; € {ep7B,ev,eq’B,ew,en,eﬁ,ep,E,emE,ef}.

This optimization problem is solved each time step in a receding horizon fashion. The optimal
input sequence obtained each timestep will be the desired rotor speed commands and the
desired joint angles of the arm.
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Figure 4-2: A schematic of the NMPC-FF-INDI control block

4-2 NMPC-FF-INDI formulation

In this section a controller will be proposed which consists of the previously introduced NMPC
controller extended with an inner loop INDI motion controller similar to [55]. This work uses
an INDI attitude controller designed for a quadrotor system and it needs to be adapted to our
aerial manipulator system. We will refer to this controller as NMPC-FF-INDI.

4-2-1 High-level Overview

The control scheme of this controller will be the same as in Figure 4-1, but the NMPC-FF
control block is replaced with the extended schematic given in Figure 4-2. One notable
difference between the NMPC-FF controller is that besides the optimal control sequence of
the NMPC, also the optimal state sequence is used. In this way the NMPC is also used
as a trajectory planner consistent with the multibody dynamics of the aerial manipulator.
This optimal state sequence generates the virtual control inputs for the inner loop INDI
attitude controller. The INDI controller should then follow this generated reference and reject
unmodeled disturbances. The total thrust is obtained from the NMPC optimal input sequence.
The combination of the thrust and torques is then used in INDI control allocation to obtain
the desired rotor speed commands.

4-2-2 Relating Multibody Dynamics and INDI

First we relate our DSAM dynamic equations to the general nonlinear system used introduced
in Section 3-2. More generally the following description holds for any dynamic equation that
is written in canonical form. Recall our class of nonlinear systems:

= f(x)+G(x)u
y = ha) (4-31)
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The canonical dynamic equations are given as:
M(q)v +C(gq.v)v+g(q) =7
and the relation between generalized velocities v and generalized coordinates q is given as:

q = E(q)v (4-32)

By choosing states @ = [Z] , output y = v and input u = 7 we see that

_ E(q)v ) — Onyxny ~
flw) = [M<q>—1<—c<w>v - G<q>>1 Gl) = lM<q>—1] (4-33)

and furthermore that the canonical dynamic equations are already written in output dynamics
where the vector relative degree is one for each output channel. Recall the output dynamics

yP) = a(x) + B(x)u (4-34)

where now a(z) = M(q) '(—~C(x)v — G(q)) and B(z) = M(q)~'. Note that our input u
in the canonical equations are the generalized forces. In the derived system this includes all
translational directions, while our actual quadrotor base can only apply thrust in the body
z direction. In Sections 3-1 and 3-2 the assumption for input-output linearization was that
m = p which does not hold for our underactuated aerial platform.

As applying feedback linearization directly will not be possible, an assumption will be made on
the dynamics of the DSAM for applying a INDI inner loop. A common assumption is that the
attitude and arm control is much faster than the positional control for an aerial manipulator.
By separating the translational dynamics and angular and arm dynamics it is possible to
design a INDI attitude controller similar to [55] or even to create a cascaded control structure,
similar to quadrotor control in [53]. However one important difference between quadrotor
control and aerial manipulator control is that the angular dynamics is completely decoupled
from the translational dynamics of the quadrotor and the presence of an actuated arm. To
take into account these differences, we will need to redesign the INDI controllers to make them
work for the aerial manipulator system. For this purpose we will partition the whole-body
dynamics as follows:

T My Mys Mis| | v C
Ty| = | ML M M| |gws| + |Ca (4-35)
T M, Ml Mss ] C;

More detail on the submatrices of the generalized mass matrix M can be found in the Appendix
A, but they are all only dependent on generalized coordinates q. The C; matrices are the
sum of the Coriolis and gravity forces for the relevant generalized velocities and are dependent
on the generalized coordinates g and velocities v. For the following sections we will continue
with this partitioned dynamics to design our attitude INDI controller and the cascaded INDI
controller.
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4-2-3 INDI Attitude Control

For the attitude control we want to control our aerial manipulator state such that a desired
body angular acceleration and joint accelerations are achieved. These can be obtained from
numerical differentiation of the optimal state sequence of the NMPC. These terms will be
the virtual control input in our nonlinear attitude controller. The virtual input for the INDI
whole-body attitude control are both the body angular and arm accelerations:

Vinner = [B?b,omd‘| (4-36)
MNemd

The desired arm accelerations are derived from a PD law:

Temd = k’pyarm(nr -n)+ kd,arm(ﬁr - 77) (4‘37)

To achieve this desired attitude and arm accelerations we apply INDI on the dynamics
corresponding to these states from the partitioned EoM (4-35):

Th My Mas| | pws C, ML .
= .|+ + v 4-38
|"77;| [Mgg)) M33 n [03 Mljé b ( )
The input-output dynamics can be described then as:
U = a(z, ) + B(x)u (4-39)

—1 —1
. My M3z C» ML . Moy Mszs
o(x,vp) = - - vy |, B(x)= 4-40
( b) [Mg;J, Mg:;| < lcg] [ME’, b ( ) Mélé Mas ( )
Whole-body Attitude INDI

Our INDI whole-body control law is then defined as:

Th Tb,f Msy  Mo3| (| pWh,emd BWh, f ML .
= T+ . — . + Vp — Up, 4-41
[Tn] lTn,f] leig M33] ([ Memd ] Ny My ( /) -41)
where we use the filtered measurements y;, z¢, uy and vy ¢ and filtered in put 7,¢ to replace
part of the nonlinear dynamic model. Also as ¥y, is not directly available, we choose ¥y = ¥4 cmad,
which can also be obtained via numerical differentiation of the optimal NMPC state sequence.

We do not have direct access to the body torques, but instead the filtered body torque is
extracted from:

Tof| &
[ Tff] = Gwppowpy (4-42)

where the filtered propeller speeds w,,  are available.

In Section 3-2 INDI was performed using a Taylor expansion around a previous measurement at
time tg. In practice we perform this Taylor expansion around a previous filtered measurement
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corresponding to time ¢, where the filter applied is a second-order discrete low pass filter with
cut-off frequency fatt. It is important that the filter applied to all measurements correspond
to the same amount of delay.

(4-41) calculates the desired joint torques also based on the filtered joint torques. In the actual
implementation in this thesis we do not use joint torque control, but position control due to the
hardware of the DSAM. For that reason we neglect the joint torques in the implementation of
this control law.

If we look at (4-41) we notice the term:

ML
6lzn = [MFB,] (Ub - 'Ub,f) (4_43)

which is the effect of the change in linear acceleration on the angular base and arm dynamics.
This term does not arise in normal quadrotor control. Given that the input torques and forces
are not necessarily continuous (and later in the cascaded INDI control the linear acceleration
is even used similarly in the INDI framework) this term can not simply be ignored.

By choosing a sufficiently high sampling time, the derivatives in the state and higher order
derivatives in the Taylor expansion of g at t; vanish. In mathematical terms:

12820 )+ OBl ~ 0 (4-44)
x

As mentioned in Section 3-2, the intuition behind this assumption is that the states are continu-
ous while the input is not, so it theoretically possible to choose a high enough filtering frequency
f such that lims_,(x — x¢) ~ 0 while the matrix % evaluated at ¢; remains bounded.
We will see that it is however not possible to choose a very high filtering frequency in practice
because of noisy accelerometer data. The cut-off frequency of the acceleration measurements

is a trade-off between reducing noise and INDI disturbance rejection performance.

A keen eye might notice that (4-41) can also be obtained by applying INDI on the whole-body
dynamics, assuming that also the linear acceleration can be controlled:

T Ty My Mo Mg Up,cmd Vb, f
To| = |Top| + |Mfy Moo Mog BWhemd | — | pWo.f (4-45)
Tn To.f Mfs Mgy My MNemd Ty

This calculation leads to the same desired torques and additionally a desired thrust. Calculating
the thrust in this way however may include non zero terms in the underactuated directions
of the quadrotor base, which is infeasible for the actual system. This equivalence however
supports the choice of ¥ = Dy ema in (4-41). From this control law we obtain the modified
desired body torques 7 which are used in control allocation as described later.

Decoupled Attitude INDI
This INDI attitude controller uses the whole-body dynamics of the aerial manipulator. In
literature it is also common to ignore many coupling terms, such as the dynamic arm forces

and the linear acceleration coupling terms [9]. These terms require a precise model of each
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component of the aerial manipulator which may not be easily obtained in practice. In
decoupled control we assume that the manipulator and aerial base are two separate systems
with independent controllers. More commonly, partially coupled control is applied with some
information or estimates from the manipulator configuration, which can be included in the
floating base dynamics. The use of INDI could help to reject coupling disturbances in the
decoupled or partially coupled control framework. For this reason also a partially coupled
INDI controller is proposed which does use the state-dependent total inertia of the aerial
manipulator, but does not include dynamic interaction forces between the linear dynamics
and the arm dynamics.

We start again with our dynamics but now only the body angular dynamics are evaluated:

Ty = Moy gy + Moy + Magiy + C- (4-46)

We look closer at the submatrices, and specifically Moo which is derived explicitly in Appendix
A:
Mas = gTy + pZa — Ma[pPralx [BPbal x (4-47)

This matrix is the total inertia of the DSAM expressed in the base frame B and is the same
as adding the inertia of the two bodies and applying the parallel axis theorem for the offset in
arm Center of Gravity (CoG). This equation exactly describes the Euler’s rotation equation
for the base where 84y, = M0, + Magi) + Cy contain all disturbance moments due to the
presence of the manipulator. Now in the decoupled approach we will assume &4, = 0. Note
that Moo still uses information on the joint angles, but we will still refer to this approach as
the decoupled attitude controller.

The INDI decoupled attitude control law for the body torques is then defined as:
Ty = Tb,f + Mo2(pWhemd — pWo,f) (4-48)

In the results section, a brief comparison between the decoupled and whole-body attitude INDI
controller is done simulation. Unless explicitly stated, a whole-body attitude INDI controller
is used in the NMPC-FF-INDI control scheme.

4-3 NMPC-FF-CINDI formulation

The NMPC-FF-CINDI controller will build upon the previously proposed NMPC-FF similar
to the NMPC-FF-INDI control scheme. Instead of only using an INDI attitude controller, the
NMPC-FF controller is extended with an inner loop cascaded INDI controller. This INDI
motion controller will be based on [53]. Again, this cascaded INDI controller was designed
for a quadrotor system and we need to adjust it to make it work with our aerial manipulator
system.

4-3-1 High-level Overview

In this control scheme the same NMPC-FF as in Section 4-1 is used to generate an optimal
state sequence which is then used in our inner loop cascaded INDI controller. The cascaded
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Figure 4-3: A schematic of the NMPC-FF-CINDI control block.

inner loop consists of a INDI position controller and a INDI attitude controller. The INDI
attitude controller is the same as in Subsection 4-2-3, but the computation of the virtual
control input in this INDI controller will be different. The position controller requires a
reference acceleration and outputs a desired thrust. This reference acceleration is obtained
using numerical differentiation of the predicted velocity and the current velocity in the optimal
state sequence. The position INDI controller is added to add robustness in control of the
translational states.

By combining the desired thrust vector from the position INDI controller and the optimal
state sequence it is possible to calculate the desired body acceleration, which is the virtual
input to the INDI attitude controller. A geometric PD attitude control law is used to obtain
the desired angular acceleration. A schematic of the NMPC-FF-CINDI control block is given
in Figure 4-3. In the next sections the cascaded INDI control is explained in more detail.

4-3-2 INDI Position Control

To apply INDI for position control of the aerial manipulator we look at dynamics related to
the linear position in (4-35). This results in:

T = My10p + My gwy, + Mizn) + Ch. (4-49)

Whole-body Position INDI

Similar to the attitude INDI control described in 4-2-3, we apply a Taylor expansion around
tfouter and invert the dynamics. This leads to the following INDI formulation:

Tcmd = Tf,outer + Mll . (’bb,mpc - 'i)b,f,outer)

. . . . (4-50)
+ MIQ(Bwb,mpc - Bwb,f,outer) + M13(T’mpc - nf,outer>

The commanded accelerations ¥y mpe; pWhmpe and . are obtained by differentiating the
first time step of the optimal state velocities. The filtered measurements pwp fouters 7 outer
and ¥y f outer and filtered input T'f guter are used, which correspond to time ¢y oyter- Again
Tt outer is extracted from the simplified reduced control allocation equation:

[Tb,f,outer

f,outer

‘| = é1("Jp,f,0uter O Wy, fouter (4_51)
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The same second order discrete time low pass filter is applied on all measurements with cut-off
frequency fouter-

For this control layer we assume that the aerial manipulator follows the reference the NMPC
generates for the body angular acceleration and the arm accelerations. Again this can also be
seen as applying INDI to the whole-body dynamics equations (4-35) and ignoring the torques
generated from this control law. This assumption actually does not hold for our implemented
cascaded control scheme, as we modify our tracked angular acceleration and joint acceleration
based on the desired thrust direction from this control layer. In the results section we will do
some experimental tests to study the consequences of this 'whole-body’ control with invalid
assumption.

Another approach would be to use the decoupled INDI position control law. To derive this
decoupled control law, we can start from a simple force balance at the CoG of the quadrotor
(note that this does not coincide with the CoG of the aerial manipulator):

Y Fi=ma (4-52)

This can be described by the following forces:
Mll’i)b - T + Farm + Fg (4—53)

where T is the thrust force, F,,, are all the forces on the base due to the presence of the
arm and F, is the gravity force. If we compare this equation with (4-49), the arm force is
then described by the terms Mo gwy, + Mi31) + C1. The magnitude of these terms depend
on the specific task requirements, the mass of the arm and the distance of the CoG of the
arm to the CoG of the base. In literature it is common to assume quasi-static forces from the

. Farm
arm, in other words

~ 0. This assumption limits the applicability of such control laws.

However with this assumption, we can construct a decoupled control formulation for position
control of the aerial manipulator. This would be given as follows:

Tcmd = Tf,outer + Mll ’ (’bb,mpc - 'i)b,f,outer) (4'54)

The terms Mo gwy + Mi37) + C1 will be lumped together and be approximated by acceler-
ation measurement ¥y fouter- LThe change over time of this force is assumed to be zero. In
mathematical terms, the additional INDI assumption for the decoupled control would be:

[[M12(pw — pWo, f.outer) + Mi3(7) — ﬁf,outer)” ~0 (4-55)
for t —t ¢ outer — 0, next to the standard assumption.

8(1(33, (.bb, 77)

1=, (@~ souter) + O(Az?)|| = 0 (4-56)

4-3-3 Geometric Attitude Control
To use the calculated desired thrust from the INDI position control in the angular acceleration
command control law we will use a similar approach as described in [55]. The thrust vector

T cma will be used to construct the desired orientation together with the yaw axis from the
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optimal state sequence. The NMPC predicted orientation quaternion of the base at the second
time step will be denoted as gj. From this we can obtain the rotation matrix corresponding
to this quaternion:

Ripr = R(qy) (4-57)

where R(-) converts a quaternion to a rotation matrix. We obtain the predicted yaw axis in
inertial frame from the first column of R;gr:

2" = Ripre (4-58)

By using the cross product between the normalized thrust vector and the yaw axis we can
calculate the last axis:

N

T
oy emd g7 (4-59)

a HTcde ‘
and to make it a valid orientation we re-project the yaw axis:
Ty, =7, X 2} (4-60)

cmd

T emal| '
referred to as q,.

where 2} = Now the quaternion parametrization of this desired orientation will be

Now the DSAM is reconfigurable in which the propellors can be tilted. When the rotors are
not tilted, meaning they produce thrust only in the body z-direction, there is significantly
more roll and pitch authority than heading. Heading can be independently controlled from
the tilt and tilt-prioritized control was introduced in [10] for quadrotor control. In [55] the
equations for the reduced attitude error are summarized:

[Qe,wy de,x) ey Qe,z]T =quQ qil (25)
1 Ge,wle,x — deyYe,z
(~16,red = T 5 Qe,wley + Ge,zGe,z (26)
\/ dew + 4z, 0
N 1 T
qe,yaw = D) 2 [0 0 qe7z] : (27)
dew T ez

The angular acceleration command used in then be a weighted sum of this reduced attitude
error vector and the error in angular velocity wj — wyp, where wj is the predicted angular rate
at the second time step in the NMPC optimal solution. Finally also a feedforward angular
acceleration term pwy pmpe also obtained from the optimal state sequence of the NMPC is
included, leading to the following angular acceleration command:

Bwb,cmd = kq,redqe,red + kq,yawsgn(Qe,w)(]e,yaw + Krate (wz - wb) + Bwb,mpc (4'61)

where kg req and kg yaw are the gains for the reduced-attitude tilt and yaw control and Kiage is
the diagonal weight matrix for the rate control. This angular acceleration command is then
used in INDI attitude control as described in Section 4-2-3 instead of the angular acceleration
reference from the MPC. In [55] it was found that the feedforward term pwp mpe did not
influence the physical system. In our work it is included in the simulation as it was able
to obtain better performance with this term, however in the physical experiments this feed
forward term was also removed.
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One key difference between the control schemes augmented with only an attitude INDI
controller and the cascaded INDI controller is the effect of the tilt-prioritized PD attitude
control layer on the desired orientation. In NMPC-FF-INDI, the INDI attitude controller
directly tracks the optimal angular acceleration from the NMPC state trajectory. However, in
NMPC-FF-CINDI, the tilt-prioritized control layer modifies the desired angular acceleration
command before it is passed to the INDI controller. As a result, the actual body orientation
may deviate from the orientation predicted by the NMPC.

This discrepancy must be accounted for in the arm control. Since the joint angle references
computed by the NMPC are based on the assumption that the NMPC-predicted orientation is
being tracked, a correction term is required to compensate for the modified attitude command.
As only the direction of the end-effector in the NMPC is of importance and also for the tasks
in this work, only the first joint is considered. For future work where the exact end-effector
orientation should be tracked, including roll around the arm z-axis, this part would also need
to be modified. The NMPC-commanded joint angles 71 , vpc are adjusted as follows:

Wh,emd — BWh
M,r = M,r,MPC — egB e BOIpe (4-62)

kp,arm

where pwy cmda is the angular acceleration command generated by the tilt-prioritized cascaded
controller, pwp mpe is the angular acceleration from the NMPC trajectory, and kparm is the
proportional gain of the arm controller. This correction takes into account the attitude
deviation introduced by the tilt-prioritized layer in the joint motion, ensuring that the arm
motion remains consistent with the actual body orientation rather than the NMPC-predicted
one.

4-4 Control Allocation Implementation

The current outputs of our control schemes are the desired body torques, joint torques and
body forces. Our actual control input are the propellor speeds and these can be obtained
using control allocation. Consider the reduced control allocation equation derived in Section
2-4 where the propeller gyroscopic terms are neglected:

T = = .
(II §F||> ~ ot ey e

where w), is the vector of propeller speeds. This relation between body torques and thrust
and the propellor speeds is nonlinear. This nonlinear system is solved directly using Newton’s

method, while approximating the motor inertial torques as a first order linear system similar
to [55].

Note that the control allocation only solves for the body z-thrust and the three body torques,
resulting in four equations for four unknown motor speeds. Due to the tilted rotor configuration
of the DSAM, each rotor also generates a force component in the body y-direction. Including
this additional force component would result in an overdetermined system of five desired
outputs with only four control inputs, which in general has no exact solution. Therefore, the
body y-force is omitted from the allocation. This simplification is taken as the body z-thrust
is the primary contributor to the total lift and is thus more important to track accurately.
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The unmodeled body y-force contributions are small relative to the body z-thrust due to the
small tilt angles. The resulting neglected force will be handled as disturbance in the outer
loop controllers.

Define the vector of desired body torques and thrust in the body z direction as:
Tb,des
= ’ 4-64
I [ T ] (4-64)
The goal of the control allocation is to find the motor speeds w,, that satisfy:

p = Giwpow, + Gows, (4-65)

The motor dynamics are approximated as a first-order system, such that the angular accelera-
tion of the propellors can be expressed as:

Wy = K (wp — Wy fallo) (4-66)

where K, ! = diag(k:;l’ll, k:;l}Q, k:;l}g, k,;%l4) is the diagonal matrix of inverse motor time con-
stants and w,, 7 .10 are the filtered motor speeds. For wy, f a1, we again apply a second-order
low pass filter on the propeller speeds with a cut-off frequency fao. The time constants of
each of the motors can be experimentally identified by applying a step reference rotor speed

to each of the propellers and measuring the rise time in the step response.

Substituting this into the allocation equation the nonlinear mapping to be solved becomes:

F(wp) = —p+ Growy + K, Ga(wp — wp fa10) = 0 (4-67)

This nonlinear equation is solved iteratively using Newton’s method. The Jacobian of F' with
respect to wy, is:

J(wp) = 2 G c; diag(w,) + K,,' G (4-68)
The Newton update step is then:
wiF =Wl — T W) F(w) (4-69)

The iteration is initialized with the motor speeds w, obtained when neglecting G2 and
directly inverting the control allocation matrix G in (4-65). The algorithm terminates when
convergence is reached:

lwlF) — Wk < e (4-70)

where ¢ = 1072 is the chosen convergence tolerance. A maximum of n = 10 iterations is
allowed. If the algorithm does not converge, instead the propellor speeds are taken by directly
inverting the reduced control allocation G; matrix.

4-5 Summary

In this section the NMPC-FF, NMPC-FF-INDI and NMPC-FF-CINDI controllers were for-
mally introduced. Finally also a control allocation algorithm for the INDI-based schemes
was introduced. The proposed controllers will be compared in simulation and real world

experiments to study the effectiveness of INDI in presence of disturbances and uncertainties
for the DSAM. This will be explored in the next Chapter.
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Chapter 5

Experimental Results

In this chapter we will describe the implementation details and experiments that were done
in this thesis related to the research goal of investigating the benefit of using Incremental
Nonlinear Dynamic Inversion (INDI) in aerial manipulator control for simultaneous force
and end-effector pose tracking. Three main controller will be compared: The baseline
Nonlinear Model Predictive Control (NMPC)-FF, NMPC-FF-INDI and NMPC-FF-CINDI.
The controllers are described in Chapter 4.

Experiments will be done in free flight and in Aerial Physical Interaction (APhI) tasks in
both simulation and in real world experiments. In simulation the effect of disturbances and
model mismatch will be studied on the three controllers. Also different friction parameters on
the contact surface will be tested to study robustness of the controllers in the aerial sliding
task. A brief comparison with the NMPC formulation of [59] will be done. Ablation of certain
contact terms in the our proposed NMPC formulation will be studied in APhI tasks. Finally
whole-body and decoupled inner loop control will be briefly compared in simulation.

In the real world experiments the controller designs are validated and compared to each other
with similar free flight experiments and aerial writing tasks. The aerial writing tasks will
be done using a marker attached to the end-effector on a whiteboard and a crayon attached
to the end-effector on a blackboard. Also external wind will be added to show the robust
tracking performance of the proposed controllers. The different surfaces are chosen to show
sliding is possible on surfaces with different friction properties.

5-1 Simulation Results

5-1-1 Implementation Details
The physical parameters of the Differential Shoulder Aerial Manipulator (DSAM) are given
in Table 5-1 and are used as nominal model. The simulations will be done in the Matlab

SimScape environment [58]. The model is built using the SimScape Multibody package.
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Table 5-1: Nominal parameters of the DSAM used in simulation.

Parameter Value Unit
Quadrotor Center of Gravity (CoG) to root (g7,) [0.045,0, —0.01]T m
Root to arm CoG (47rq) [0.075,0,0]" m
Root to end-effector (,7r¢) [0.19,0,0] m
Quadrotor Mass (mp) 0.775 kg
Quadrotor Moment of Inertia (Z;) diag(0.00254, 0.00220,0.00515)  kg-m?
Arm Moment of Inertia (Z,) diag(0.001,0.001, 0.001) kg-m?
Arm Mass (ma) 0.2 kg
Rotor tilt angles () [—15,15,15, —15)T degrees

The controllers require solving a nonlinear Optimal Control Problem (OCP) each timestep.
For solving the OCP each iteration we use the Acados package [60]. The NMPC control
frequency is fouter = 100 Hz. The control and prediction horizon is N = 20 time steps with
one time step chosen as Atnvpc = 0.05 s. The control frequency of the inner loops can run
faster than the NMPC. A control frequency of finner = 500 Hz is chosen for the inner loop.

We assume that position, orientation, joint angles, velocities and linear acceleration can be
directly measured in the simulation with added Gaussian noise. This would simulate the
information we can obtain from a Inertial Measurement Unit (IMU) and motion capture
system, which will be used in the real world experiments. For both INDI control and the
external wrench estimate we need acceleration data. The angular acceleration data is obtained
by numerically differentiating the angular rate signal from a simulated gyroscope. Even though
we numerically differentiate the angular rate signal which would amplify high frequency noise,
in reality the linear acceleration data is more noisy than the angular acceleration data in small
aerial multi-rotors. To account for the different noise levels, two separate cut-off frequencies
will be chosen for the acceleration filters. A second order low-pass filter is chosen with a cut-off
frequency of fouter = 30 rad/s for the linear accelerations. Similarly a second order low-pass
filter is chosen with a cut-off frequency of fatx = 60 rad/s for the angular accelerations and
the same cut-off frequency is chosen for propeller speeds filter f,1, in the control allocation.

The tuning of the INDI parameters are given in Table 5-2. The tuning of the NMPC weights
and parameters are given in Table 5-4. Finally the cut-off frequencies for each of the control
layers is given in Table 5-3.

In the experiments described in this Chapter, the reference trajectory will be generated using
an algebraic reference trajectory of the end-effector position p[, end-effector direction n. and
joint angles n". In case of singularities of the joint angle at n] = :l:%w a desired base yaw "
is also necessary for the trajectory generation. The offline trajectory generation is based on
the work in [63].

Lastly the DSAM consists of two joints, but in this work we are only interested in the direction
n., which is direction the end-effector is pointing. This makes the second joint 7y irrelevant
for the evaluation of the results in this thesis. Also because the inertia of the arm around this
joint angle is very small compared to base, control of this joint angle will have little effect on
the results. The reference n5(¢) = 0 is chosen for the second joint for all the experiments, but
results related to this joint will not be discussed in the rest of the results.
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Table 5-2: PD attitude and angular rate control parameters in simulation

Parameter Value Description

kg red 200 Attitude gain

Kiate diag([0,0,0]) Rate gains (roll, pitch, yaw)
kq yaw 150 Yaw gain

Table 5-3: Filter values for each of the control layers

Filter Value Unit

Jatt 60 rad s—1
Souter 30 rad s~!
Jfallo 60 rad s71

Table 5-4: NMPC weights and parameters in simulation

Master of Science Thesis

Parameter Value
End-Effector Position and Attitude Weights
Qp.E diag([100, 100, 100])
Qq.E diag(]200, 200, 200])
Base Position and Velocity Weights
Qp,B diag([10, 10, 10])
Qv diag([Ll?lD
Attitude and Body Rate Weights

Qq,B diag([5, 5, 5))

Qu diag([Ll?”)
Joint Position and Velocity Weights

Qy diag([1-1073,10])
Q5 diag([0.1,0.1])
Contact Force and Control Input Weights
Qy 3.0

Qu diag([0.6,0.6,0.6,0.6])
Joint Acceleration Weights

Qs diag([1.0,1.0])
Parameters

kp arm 100

kd,arm 20

kp,contact 1
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5-1-2 Free Flight Experiments

We compare the proposed control schemes augmented with an INDI inner loop with the
baseline NMPC-FF controller for an experiment with external disturbances on base. This
could for example due to wind gusts. The end-effector should track an eight-like trajectory in
free flight. Also some model mismatch is introduced to simulate the uncertainties of reality.
We choose to change the actual DSAM arm mass to 0.25 kg, the actual arm inertia to 1.1
times the original arm inertia and the rotor thrust coefficients to 1.1 times the original values.

The end-effector translational trajectory is parametrized as follows:

ex(t) = sin(27 f;)
ey(t) = cos(2m f,) sin(2m f;.) (5-1)
e.(t)=0

where f,. is the loop frequency with chosen f, = 0.2 Hz. The trajectory duration is 20 seconds,
with a smooth start and ending, leading to tracking of two full loops with velocities up to 1.7
ms~! and accelerations up to 3.3 ms~2. The end-effector orientation trajectory is parametrized

as:
ng(t)
ny(t)
n.(t) =0
A visual representation of the reference in 3D can be seen in Figure 5-1 and in Figure 5-3
the base velocities during the experiment are plotted. In Figure 5-2 the end-effector position
tracking errors are plotted. In Figure 5-4 the absolute end-effector position error ||e|| and
attitude error ¢, are shown. Here ¢, is magnitude of the angular error in the angle-axis
representation. Throughout the experiment, several disturbances are applied. The disturbance

forces are applied directly on the base. The disturbance force over time is plotted in Figure 5-5.
In Figure 5-6 the commanded rotor speeds are plotted over time.

0
1 (5-2)

The cascaded INDI inner loop significantly increases disturbance rejection of the NMPC
controller without deteriorating tracking performance in this experiment. The attitude INDI
inner loop does not seem to improve the performance of the baseline NMPC-FF controller in
this experiment. This is because of the disturbance forces are directly applied on the base, so
no large disturbance torques are generated. In the rotor speeds plot, the inputs from the two
INDI control schemes are slightly more noisy than the baseline NMPC, however it does not
seem problematic.

To study purely disturbance rejection more closely, we will also compare the controllers for a
disturbance rejection test with a static hover reference. In Figure 5-8 the position trajectory is
plotted. The corresponding disturbance force over time is plotted in Figure 5-10. In Figure 5-8
we also notice that the direction in which the disturbance is applied has influence especially
for the attitude tracking of the end-effector. This can also be seen in the absolute position
and attitude error plots in Figure 5-9. In Figure 5-1 a 3D representation of the end-effector
position during the hover experiment is shown.

The disturbance in the world y-direction at ¢ = 7 s, which is the body x-direction of the aerial
manipulator, has a significant impact on the attitude tracking error ¢er; of the DSAM for the
NMPC-FF-CINDI control scheme compared to the other two controllers.
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Figure 5-1: 3D representation of the end-effector trajectory during the eight-like free flight

experiment with disturbances.
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Figure 5-2: The end-effector position tracking errors during the eight-like free flight experiment
with disturbances.
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Figure 5-3: The base velocities during the eight-like free flight experiment with disturbances.
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Figure 5-4: The absolute position and attitude tracking error during the eight-like free flight
experiment with disturbances.
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Figure 5-5: The disturbance forces applied during the eight-like free flight experiment.
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Figure 5-6: The commanded propellor speeds during the eight-like free flight experiment with
disturbances.
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Figure 5-7: 3D representation of the end-effector trajectory during the hover experiment with
disturbances.

This observation can be explained. A disturbance from the body x or y body axes is rejected
by changing the attitude (the tilt) of the base. The NMPC-FF formulation is aware of the
arm and changes its tilt and joint angle accordingly to reject a disturbance force in the
body z-direction. Both the NMPC-FF and NMPC-FF-INDI controller thus do not show any
significant attitude tracking errors when this disturbance is applied. However the NMPC-
FF-CINDI controller has the additional position INDI and geometric attitude control layers.
These control layers calculate a new desired thrust vector and modifies the desired attitude of
the base obtained from the NMPC. As described in Section 4-3-3 this change in tilt outside
of the NMPC is also taken into account by calculating an offset in the first joint. However
this is based on the PD arm control model, which is not how it is actually controlled in
simulation (and in physical experiments). This mismatch will lead to a larger offset in the
end-effector attitude tracking. Removing the offset in 7; due to changing the tilt of the base
in the NMPC-FF-CINDI increased the attitude tracking error significantly more, validating
the addition of this term in simulation.

Finally also different tunings of the NMPC controller are tested to show that the cascaded
INDI increases disturbance rejection also with other tunings. In Figure 5-12 a boxplot of the
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Figure 5-8: The end-effector position trajectory during the hover experiment with disturbances.
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Figure 5-9: The absolute position and attitude error during the end-effector in the hover experiment
with disturbances.
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Figure 5-10: The disturbance forces applied during the hover experiment.
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Figure 5-11: The commanded propellor speeds during the hover experiment with disturbances.
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Figure 5-12: RMSE of the position and attitude for different NMPC weights for the eight flight
experiment with disturbances.

RMSE of the end-effector position and attitude tracking are shown for five different NMPC
weights for the same eight-like flight tracking experiment with disturbances as described before.
As can be seen the position RMSE of the NMPC-FF-CINDI control scheme is significantly
lower for all weights compared to the other two controllers. The exact changes in NMPC
tunings of the experiments are the weights on the end-effector position, base position and
end-effector orientation and can be found in Appendix B.
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5-1-3  Aerial Writing

In this section APhI sliding experiments are performed in simulation. The experiments will be
designed such that the contact force is tracked in different directions of the world frame >;. One
experiment will track a contact normal force in the horizontal direction with &, = [0 — 1 0],
another experiment will track contact forces in the vertical direction with &, = [0 0 1]
and also lastly an experiment will track contact forces on a 45-degree inclined surface with
ey, = %[0 — 1 1], For each experiment we will present the results given a nominal control
model with no external disturbances besides contact forces (including friction forces). As
described in Section 2-5, friction in simulation is modeled with three main parameters: the
static friction coefficient ug, the kinetic friction coefficient uz and the critical velocity vmin.
The goal of this work is to perform aerial writing with the DSAM and this will be validated
in physical experiments with a whiteboard marker and whiteboard. Although the parameters
vary per marker and whiteboard surface, an estimate is made of the parameters to be used
in the simulations, where s = 0.5, jt5 = 0.3 and vy, = 0.1 ms™! are chosen. Lastly the
obtained friction ff, and contact normal forces f, are directly extracted from a rigid body
block in SimScape, allowing for direct measurement of the actual contact forces in simulation.

Vertical Surface

In our first experiment we will move the aerial manipulator horizontally towards a vertical
surface. Then the DSAM will track a reference trajectory and simultaneously a contact normal
force. The end-effector translational trajectory is parametrized as follows:

0 ift < twrite
ex(t) =
0.3sin(27f,t) else

T
0.96sin( — if ¢ < tmov
ey(t) = (2 move> move (5-3)
0.96 else
0 ift < twrite
e.(t) = .
0.3 cos(2m f,t) sin(2m frt)  else

where f, is the loop frequency with chosen f, = 0.1 Hz. This leads to a trajectory with
sliding accelerations up to 0.25 ms—2 and velocities up to 0.27 ms~!. The timing parameters
are chosen to be tyowe = 3 s and tyrite = 5 s. The end-effector orientation trajectory is
parametrized as:

ng(t) =0
ny(t) =1 (5-4)
n.(t) =0

The wall is positioned at y = 0.95 with the normal vector of the surface being &, = —[0 1 0]

The desired normal contact force is set to 1 N. Also the heading and joint angle n; is defined
beforehand:

2 (5-5)
0
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In Figure 5-13 a visual representation of the 3D end-effector trajectories of this experiment
is shown. In Figure 5-14 a side view of the end-effector position during the eight drawing
experiment is shown. In Figure 5-15 end-effector tracking errors are shown. In Figure 5-17
the absolute position and attitude tracking error of the end-effector are plotted over time.
In Figure 5-18 normal contact forces and friction forces are plotted. In Figure 5-19 the
commanded rotor speeds are plotted.

At the instant of contact a large contact force peak is observed for all controllers, but all
controllers are able to remain stable. After the initial contact transients, the NMPC-FF has
large end-effector pose tracking errors during sliding, while both control schemes with INDI
inner loop are significantly less affected. In Figure 5-19 it can be seen that the commanded
rotor speed wp 2 of the NMPC-FF results hit the saturation limit at around ¢ = 13 s. This is
also where the large tracking error occurs in the experiment. The position error of NMPC-FF-
CINDI is lower than NMPC-FF-INDI, where the absolute tracking error reaches up to 7 cm
for cascaded INDI and 9 cm for the attitude INDI inner loop.

On average the NMPC-FF-CINDI tracks a force of 1.2 N and the NMPC-FF-CINDI tracks a
force of around 1.0 N which is also the reference contact force. Both controllers track this
force consistently, except for certain time windows in which the controller seems to behave
very noisy for both cascaded INDI and attitude INDI inner loop. This noisy behavior occurs
during the peak velocity of the sliding motion and could either be attributed to the undesired
controller behavior or simulation inaccuracies. To explore this observation further, the same
experiment will be done in real world experiments later in this Chapter. The difference in
applied contact force between NMPC-FF-INDI and NMPC-FF-CINDI can be attributed to
the position INDI layer, which will add more contact force due to the penetration depth of
the reference trajectory. From this experiment it seems the INDI control layers enable the
DSAM to simultaneously track end-effector pose and contact forces consistently, while the
NMPC-FF controller has significantly degraded tracking performance during sliding.
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Figure 5-13: 3D representation of the end-effector position trajectory during the eight writing

experiment on a vertical surface.
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Figure 5-14: Side view of the end-effector position during the eight drawing experiment on a
vertical surface.

Horizontal Surface

In our next experiment we will move the aerial manipulator vertically towards a horizontal
surface. During contact, the DSAM will again perform a eight writing experiment but now in
a different direction. The end-effector position trajectory is parametrized as follows:

0 ift < twrite
ex(t) =
0.3sin(27f,t) else
0 ift < twrite
ey(t) = . (5-6)
0.3 cos(2m f,t) sin(2m frt)  else
™
0.3 —0.3sin{ — if £ < tmow
€z (t) = s < 2 tmove ) : ove
0 else

where f, is the loop frequency with f. = 0.1 Hz. This leads to a trajectory with reference
sliding accelerations up to 0.25 ms—2 and velocities up to 0.27 ms~!. The timing parameters
are chosen to be tyove = 3 s and tyrite = 5 s. The end-effector orientation trajectory is
parametrized as:

ny(t) =0 (5-7)

D. Liu Master of Science Thesis



5-1 Simulation Results 61

0.15

0.10

0.05

ex (m)

0.00

-0.05

-0.10

0.01
0.00
—-0.01

m)

— -0.02
-0.03
-0.04

-0.05

0.05

0.00

—-0.05

ez (m)

-0.10

-0.15

—--- Reference
NMPC-FF-CINDI
NMPC-FF-INDI
NMPC-FF

t(s)

Figure 5-15: The end-effector position tracking error during the eight writing experiment on a
vertical surface in simulation.
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Figure 5-16: The base velocity during the eight writing experiment on a vertical surface in
simulation.
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Figure 5-17: The absolute position and attitude error of the end-effector during the eight writing
experiment on a vertical surface in simulation.

4
—-—-- Reference
3 — NMPC-FF-CINDI
—— NMPC-FF-INDI
=) —— NMPC-FF
=2
WS
1
0
0 5
1.5
—— NMPC-FF-CINDI
—— NMPC-FF-INDI
1.0 —— NMPC-FF
z
05
0.0
0 5 10 15 20 25

t(s)

Figure 5-18: The actual contact forces (normal and friction) during the eight writing experiment
on a vertical surface in simulation.
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Figure 5-19: The rotor speed commands during the eight writing experiment on a vertical surface
in simulation.
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The wall is positioned at z = 0.01 with the normal vector of the surface being &, = [0 0 1]7. The
contact force being tracked is 1 N. Also the heading and joint angle 7; is defined beforehand:

P(t) =

m(t) =

(5-8)

(SR

In Figure 5-20 a visual representation of the end-effector position trajectory during the vertical
contact experiment is shown. In Figure 5-22 the absolute end-effector pose tracking errors are
plotted over time. In Figure 5-23 the contact forces of the experiment are plotted over time
with the desired contact force.

Again all controllers are able to remain stable during this sliding experiment. It seems the
baseline NMPC-FF controller has similar absolute pose tracking errors as the NMPC-FF-
CINDI control scheme in this experiment, where in Figure 5-22 it can be seen that ||e||2 is
largest for NMPC-FF-INDI. The force tracking of all controllers do not seem to have large
deviations after the initial contact transients. NMPC-FF-CINDI applies an average contact
force of around 1.4 N and the other controllers apply slightly lower contact forces while the
reference force was set to 1 N.
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Figure 5-20: 3D representation of the end-effector position trajectory during the vertical contact

experiment.
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Figure 5-21: The end-effector position tracking error during the vertical contact experiment.
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Figure 5-22: The absolute position and attitude error during the end-effector in the vertical
contact experiment.
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Figure 5-23: The actual contact forces (normal and friction) during the vertical contact experiment.

D. Liu Master of Science Thesis



5-1 Simulation Results

69

—— NMPC-FF-CINDI
—— NMPC-FF-INDI
—— NMPC-FF

1500

1000

wWp,1 (rad/s)

500

1500

1000

Wp, 2 (rad/s)

1500

1000 W\W

wp, 3 (rad/s)

1500

1000

Wp, 4 (rad/s)

25

t(s)

Figure 5-24: The rotor speed commands during the vertical contact experiment.
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Inclined Surface

Lastly we will perform a sliding task on a inclined surface. The end-effector translational
trajectory is parametrized as follows:

. (t) B 0 ift < twrite
’ 0.3sin(0.37(t — twrite)) c08(0.37(t — twrite)) else
t
046$n<w ) if + < tmove
move
ey (t) = 0.46 1f tmove S t< twrite
2 _
04&+203am0%ﬁ—¢mm» if fyrite < (5-9)
(Tt .

—0.46 sm(thove) if t < tmove

ez(t) = ¢ —0.46 if tmove < T < fwrite
2
—0.46 + \2f -0.38in(0.37(t — twrite))  if tyrite < t

where f, is the loop frequency with f. = 0.1 Hz. This leads to a trajectory with sliding
accelerations up to 0.25 ms~2 and velocities up to 0.27 ms~!. The timing parameters are chosen
to be tmove = 3 s and tyrite = 5 5. The end-effector orientation trajectory is parametrized as:

ng(t) =0
ny(t) = \22 (5-10)
n,(t) = —?

The wall is positioned at y = 0.46 and z = —0.46 with the normal vector of the surface being

é,=1[0 — g @]T The end-effector force being tracked is 1 N. Also the heading and joint
angle 1 is defined beforehand:

<

—
o~

N~—
I

(5-11)

NN

m(t)

In Figure 5-25 a visual representation of the reference trajectory is shown. In Figure 5-26
end-effector tracking errors are shown. In Figure 5-27 the absolute position and attitude
tracking error of the end-effector are plotted over time. In Figure 5-28 contact normal and
friction forces are plotted.

In this experiment the end-effector attitude tracking performance is better using the INDI
based control schemes compared to the baseline NMPC-FF. The end-effector position errors
seem similar for all three controllers. The contact forces applied using the INDI control
schemes have less peaks and remain relatively consistent compared to the baseline NMPC-FF.
Again we see the cascaded INDI controller applies more force than the other controllers.
NMPC-FF-CINDI applies an average contact force of 1.5 N compared to NMPC-FF-CINDI
which tracks around 1.2 N.
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Figure 5-25: 3D representation of the end-effector position trajectory for the inclined contact
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Figure 5-26: The end-effector position tracking error for the inclined contact experiment with
nominal model.
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Figure 5-27: The absolute position and attitude error for the end-effector in the inclined contact
experiment with nominal model.

4
--- Reference
3 — NMPC-FF-CINDI
—— NMPC-FF-INDI
= —— NMPC-FF
£2
oS
1
0
0 5
1.0
—— NMPC-FF-CINDI
0.8 =~ —— NMPC-FF-INDI
—— NMPC-FF
__ 06
£
RS 0.4
0.2
0.0
0 5 10 15 20 25

t (s)

Figure 5-28: The actual contact forces (normal and friction) for the inclined contact experiment
with nominal model.
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Figure 5-29: The rotor speed commands for the inclined contact experiment.
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5-1-4 Ablation Study

In this part we will explore different designs that were also tested in this thesis for the
NMPC contact formulation. Also whole-body and decoupled INDI control will be compared
in simulation.

NMPC Contact Formulation

We will first study the effect of removing parts of the proposed contact-aware NMPC controller.
This includes a feedforward force in the NMPC dynamics when contact is expected and a
force tracking term consisting of a external force estimate and a linear spring model. We will
first ablate this force tracking term in the cost. The NMPC formulation without the force
tracking term in the cost will be referred to as NMPC-noFF.

In Figure 5-30 the position trajectory and in Figure 5-31 the joint trajectory of our proposed
NMPC-FF-CINDI and the NMPC-noFF-CINDI is shown for a vertical contact experiment, in
which we only wish to achieve force tracking on a point contact experiment. The controller
where the force tracking term is ablated becomes unstable after contact. The rotor speeds
plot in Figure 5-34 show the NMPC-noFF-CINDI controller quickly diverges, after which
the controller becomes unstable and has to reposition itself back it its original position. It
managed not to crash but it is definitely undesired behavior.

This instability is expected from any control scheme with the INDI position control layer
without feedback on the contact force. The INDI position control increments the thrust based
on the NMPC optimal state trajectory. As the aerial manipulator makes contact with a rigid
surface, the z-position can never reach the desired position (it can not penetrate the ground).
The NMPC however will keep planning its optimal state trajectory under the ground. For this
reason the INDI position control keeps incrementing the thrust vector until either the rotors
saturate or the system becomes unstable. To counteract this behavior some feedback of the
contact force should be included in the contact prediction model, so that the optimal state
sequence does not get planned behind a fixed surface when sufficient force is already being
applied. For that reason we added a force tracking term in the cost, which includes feedback
on the estimate contact force.

Interestingly enough this instability does not happen actually when ablating the force feedback
for horizontal contact. In horizontal contact the position offset is in one of the underactuated
directions. The NMPC will generate a trajectory which moves inside the wall to minimize
end-effector position tracking error. The INDI position controller will increment the thrust
toward that direction. As a result the PD attitude controller will tilt the base more towards
the wall to apply more force in the direction of offset. At the same time the NMPC is
unaware of any contact, so the planned tilt of the base from the NMPC is less tilted than the
desired orientation from the INDI position controller. We are taking a linear combination
of the NMPC angular rate and the INDI position desired attitude to calculate the angular
acceleration command in the INDI attitude controller and this will reach a steady state in
this direction. The norm of the thrust vector will also reach a steady state as the thrust
increments lead to zero change in the norm of the thrust vector in the INDI position control,
only a change in the thrust direction.
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Figure 5-30: The end-effector position trajectory for the ablation study on the force tracking
cost term for the vertical contact experiment.
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Figure 5-31: The joint position trajectory for the vertical contact ablation experiment.
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Figure 5-32: The absolute position and attitude error for the end-effector in the vertical contact
ablation experiment.
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Figure 5-33: The actual contact forces (normal and friction) for the vertical contact ablation
experiment.

Next both the added contact force model in the cost and dynamics are studied for force
tracking performance on a vertical surface. Without the force term in the NMPC dynamics
it is difficult to track an arbitrary reference force for one fixed tuning on the force tracking
weight @y and stiffness in the linear spring model k) contact- In Figure 5-35 three different
NMPC formulations with a cascaded INDI inner loop are compared for different reference
forces and penetration depths for a simple point contact experiment. The NMPC-CINDI
scheme is contact-unaware, so it has no force term in the both the cost and dynamics. As can
be seen choosing a small penetration depth leads to almost no applied force which is expected.
Each contact force will probably have one specific penetration depth that would allow the
controller to track the reference force accurately in this experiment, however this would be
dependent on the end-effector position weights, base position weights and other parameters.
NMPC-noFF-CINDI only has the reference contact force included in the dynamics and no
force cost term. The most important observation is that the controllers with the force term in
the dynamics formulation track the reference force accurately with low penetration depth. This
makes it easier to use these controllers when accurate force tracking is desired without the need
of finding a mapping between penetration depths and applied contact force. This mapping
would also need to be rediscovered every time when other controller gains are changed.

Whole-body Control

Next the whole-body terms in the INDI inner loops are studied and ablated in an experiment.
These coupling terms were introduced to derive an INDI controller for the multibody system
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Figure 5-34: The rotor speeds commands in the vertical contact ablation experiment.
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without additional assumptions on the aerial manipulator design. In this experiment we want
to see if adding these coupling terms has noticeable effects on the DSAM. Specifically we are
interested in an experiments where the coupling terms become significant in the dynamics.
The results of this experiment is less relevant to our final demonstration of aerial writing in
real world experiments, as the physical DSAM will have a very light arm and does not need
to move its arm in sliding experiments.

Whole-body control and decoupled control are key design choices in aerial manipulation
literature and our work is a study on applying INDI in aerial manipulators. Therefore it
is of interest to study how whole-body and decoupled control compare using INDI. Also
it is of interest for future work with the DSAM where the arm may need to carry payload
with significant masses. In [47] a decoupled INDI controller is used on the base to reject
disturbances due to dynamic arm movements. It is of interest however, to study if INDI might
still be perform better when coupling terms of the arm in the base INDI controller are added.

To study the ablation of the coupling terms in the INDI controllers we perform the eight
flight trajectory again with nominal model. We keep all the gains on the NMPC-FF-CINDI
controller from before and keep the arm mass at 0.2 kg, but we also show the results of the
NMPC-FF-CINDI control scheme without coupling terms, which we will refer to as NMPC-FF-
CINDI-decoupled. These include all the decoupled control laws derived in Chapter 4 instead
of the proposed whole-body variants. The absolute end-effector position and attitude tracking
error is shown in Figure 5-36. At the start of the experiment some initial transients to reach
steady hover conditions are needed, however the decoupled controller is unable to recover from
these transients. The behavior of the decoupled controller is very oscillatory in simulation and
this is also visible in the errors plots. If we look at the motor speeds commands in Figure 5-37,
it can be seen that the rotor commands are very noisy and also reach the saturation limit during
the entire experiment. An arm mass of 0.2 kg is significant for an aerial manipulator of with
total mass of 1 kg. From these results we can see that a decoupled approach in the cascaded
INDI inner loop controller deteriorates control performance significantly in simulation.
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Figure 5-36: The absolute end-effector pose tracking errors in the whole-body control ablation
experiment.
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Figure 5-37: The rotor speeds commands in the whole-body control ablation experiment.
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Table 5-5: Identified parameters of the physical DSAM.

Parameter Value Unit
Quadrotor CoG to root (gz7p) [0.045,0,—0.01]T m
Root to arm CoG (47rq) [0.12,0,0]" m
Root to end-effector (,7r¢) [0.205,0, 0] m
Quadrotor Mass (mp) 0.787 kg
Quadrotor Moment of Inertia (Z;) diag(0.00254,0.00220,0.00515)  kg-m?
Arm Moment of Inertia (Z,) diag(0.0001, 0.0001,0.0001) kg-m?
Arm Mass (m4) 0.02 kg
Rotor tilt angles () [—15,15,15, —15] degrees

5-2 Real World Experiments

5-2-1 Implementation Details

The experiments done in this work are performed at the Mobile Robotics Lab (MRL) at the
TU Delft. The MRL has an indoor arena equipped with a VICON motion capture system
and has a size of 5 m x5 m x5 m. This motion capture system is able to estimate the
orientation and position of the DSAM base. Furthermore the DSAM has an IMU located close
to the base CoG. The full state estimates of the system are then obtained using an Extended
Kalman Filter (EKF) combining the Vicon measurements and the IMU measurements. The
arm is controlled using Dynamixel motors, and the joint angles are available as feedback.
Accelerometer bias is estimated in flight and subtracted before being used in the INDI control
laws and the external force estimates. The flight stack used on the DSAM is based on Agilicious
[22] and runs on a Raspberry Pi 5. Communication between the pilot interface, motion capture
and the DSAM is done using ROS. In physical experiments the DSAM parameters are found
different from the SimScape simulations. These parameters are given in Table 5-5. Also the
NMPC is tuned differently. In physical experiments it seemed to be important to track the
base position for stability of the flight. The NMPC weights are similar to [55] and are listed in
Table 5-6. In [55] the gains were chosen for quadrotor control. In simulation these gains did
not show good performance, while the gains given in 5-4 could not remain stable in real world
experiments. The reason for this mismatch is unclear, but it could be due to implementation
differences in the control schemes on the physical system compared to the simulation or the
sim-to-real gap. Furthermore note that in aerial writing task the arm was modified to have
a pen attached, which is lighter than the original arm design. It was also attempted to run
the simulation with this lower arm mass but this lead to unstable behavior in the SimScape
simulation. Finally in Table 5-7 the PD attitude and rate control parameters of the real world
experiments are shown. One important note for the the PD attitude and rate control is that
in the real world experiment the feedforward angular acceleration from the NMPC pwy mpc is
not used. Instead the NMPC predicted orientation enters the angular acceleration command
via the the angular rate component.

D. Liu Master of Science Thesis



5-2 Real World Experiments 85

Table 5-6: NMPC weights and parameters in real world experiments

Parameter Value
End-Effector Position and Attitude Weights
Qp.E diag(]0.1,0.1,0.1])
Qq.E diag([200, 200, 200])
Base Position and Velocity Weights
Qp.B diag(]200, 200, 500])
Qv diag([l)L”)
Attitude and Body Rate Weights

Qu. diag([5, 5, 100])
Qu diag([l)L”)
Joint Position and Velocity Weights

Qn diag([100, 100])

Qs diag([1.0,1.0])
Contact Force and Control Input Weights
Qf 3.0

Qu diag([0.6,0.6,0.6,0.6])
Joint Acceleration Weights

Qs diag([1.0,1.0])
Parameters

kp arm 400

kd,arm 30

kp,contact 2

Table 5-7: PD attitude and angular rate control parameters in real world experiments

Parameter Value Description

kg red 120 Attitude gain

Kiate diag([25,25,20]) Rate gains (roll, pitch, yaw)
kq yaw 80 Yaw gain

Table 5-8: Filter values for each of the control layers in real world experiments

Filter Value Unit

Jatt 12 Hz
fouter 6 Hz
fallo 12 Hz
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5-2-2 Free Flight Experiments

In this section two real world free flight experiments are done for the DSAM to validate the
controller end-effector pose tracking performance without contact. But before performing
these tasks a short hover experiment is done to analyze some steady-state behavior of the
quadrotor and to point out some estimation errors.

In Figure 5-38 the estimated orientation during hover for the three controllers is shown. It can
be seen that there seems to be an orientation offset during hover. This offset is likely due to the
calibration of the VICON Motion Capture system, which is used to estimate the orientation. In
hover the body z-direction should align with the gravity leading to zero tilt. This orientation
error could also lead to some positional offsets which we also see in the following experiments
due to the coupling between attitude and position tracking. Furthermore as we will see later
for the contact force estimation in the aerial writing section, this orientation offset is also
needed for analyzing the contact forces more accurately. The average orientation of the DSAM
base is estimated in quaternion parametrization as gofset ~ [0.019, —0.003,0.707,0.707] by
taking the average of orientation of the hover data over the time span of 1 second. This
orientation includes a 90 degree heading rotation, which is not part of the offset. By converting
this offset to the Euler angles parametrization, the error in roll estimate seems to be around
—1.8 degrees and the error in pitch estimate around 1.3 degrees. For attitude tracking we will
not consider this error as the controller is unaware of this offset.

Next up an eight trajectory is tracked in free flight, similar to the simulations. A top view of
the base position during the eight flight experiment is shown in Figure 5-39. The position
tracking errors of the end-effector are shown in Figure 5-40 and the absolute end-effector
position and attitude tracking error are shown in Figure 5-41. Finally the joint angles are
shown in Figure 5-42 and the commanded rotor speeds in Figure 5-43.

It can be observed from the motor speeds that in the physical experiment the baseline NMPC
is noisier compare to the controllers with INDI inner loops. At first it was thought that INDI
would add more noise in the inputs compared to the outer loop due to noisy accelerometer
measurements, however this did not seem to be the case. Model mismatch and external
disturbances in reality are hard to mimic in simulation. So while in simulation NMPC mostly
shows well behaved input and performs on par in free flight without disturbances compared
to the INDI-based schemes, in reality this did not seem the case. Also due to the tilting of
the rotors, the airflow of each of the rotors may actually interfere with each other leading
to more disturbances and unmodeled dynamics. In the absolute position tracking errors in
Figure 5-41 it is visible that the NMPC-FF-CINDI significantly out performs the baseline
NMPC and NMPC-FF-INDI controllers, where the NMPC-FF-CINDI control scheme reaches
maximum end-effector tracking errors of around 7 cm while the NMPC-FF controller reaches
maximum end-effector tracking errors of around 14 cm.

We note in the results that all controllers have position offsets, also when close to hover at the
start and end of the trajectory. The bias can be due to many reasons, including hardware
imperfections, unmodeled dynamics and estimation errors. Especially the NMPC-FF-INDI has
significantly more offset close to hover compared to the other two controllers. This is probably
mostly due to the INDI attitude tracking inner loop that is unaware of the constant orientation
error. In the cascaded INDI version this is partly compensated in the position INDI controller
which adjusts the tilt because of this steady state position offset. The pure attitude INDI
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Figure 5-38: Estimated orientation in quaternions of the DSAM base during hover in a real world
experiment.
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Figure 5-39: Top view of the base position trajectory for the physical eight flight experiment.

controller wants to reject this orientation offset error until the outer loop NMPC outputs zero
angular acceleration. This occurs when a balance is found between all the tracking offsets.
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Figure 5-42: The joint positions in the physical eight flight experiment.

Next a fixed end-effector tracking experiment is performed, where the aerial manipulator
has to move its joint, base position and yaw while tracking a fixed end-effector position. A
visual montage of the end-effector is given in Figure 5-44. A top view of the base position
during the fixed end-effector experiment is shown in Figure 5-45 and a side view is shown
in Figure 5-46. The absolute end-effector position and attitude tracking error are shown in
Figure 5-47. Finally the joint angles are shown in Figure 5-48 and the commanded rotor
speeds in Figure 5-49.

Again we can see that commanded rotor speeds are more noisy for the pure NMPC approach
compared to the INDI-based control methods. The absolute end-effector position error seems
to be similar for NMPC-FF and NMPC-FF-CINDI, while NMPC-FF-INDI has more end-
effector position tracking error. The error seems quite constant and related to the steady-state
position offset described in the previous results. This trajectory moves the arm, but is not
very dynamic for the base compared to the eight flight trajectory. It seems the INDI control
layers do not add significant benefit when this is the case compared to the baseline NMPC
control scheme.
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Figure 5-43: The rotor speeds commands for the physical eight flight experiment.
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Figure 5-44: A visual montage of the fixed end-effector experiment.
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Figure 5-47: The absolute end-effector position and attitude error in the physical fixed end-effector
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Figure 5-48: The joint positions in the physical fixed end-effector tracking experiment.
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Figure 5-49: The rotor speeds commands for the physical fixed end-effector tracking experiment.
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5-2-3  Aerial Writing: Whiteboard

In this section we test the DSAM on APhI sliding tasks. Specifically we use a whiteboard
and a marker attached to the DSAM to draw a figure eight while tracking a desired contact
normal force, similar to the simulation experiments. We do this horizontally with and without
external disturbances. The external disturbances will be due to wind generated by a fan with
wind speeds of around 5 ms~!. We will also perform the eight sliding experiment on an 45
degrees inclined surface similar to simulation without external disturbances to show that the
DSAM is also able to do the drawing task on non vertical surfaces.

In all the coming experiments the baseline NMPC-FF is not shown. This is because this
controller failed to perform the sliding experiment for the same NMPC weights. The controller
could remain stable in contact, however we were unable to get sliding to work. As seen in
the free flight experiment, the rotor speeds were already very noisy for the pure NMPC-FF
controller in the eight-like flight trajectory.

In the following sections, the estimated external forces are decomposed into two components:
the estimated force in the direction normal to the contact surface, F;,, and the estimated force
in the direction parallel to the surface in the horizontal world plane F},.

As mentioned, the real system is not equipped with a force/torque sensor, and therefore
the contact forces cannot be measured directly as in simulation. Instead, the contact force
estimates in the result are derived from the orientation of the drone during the horizontal
contact experiments. Specifically, the tilt of the drone with respect to the gravity vector is
used to compute the force components in the normal and parallel directions of the whiteboard
surface. This approach relies on the fact that, in steady-state contact, the drone must tilt to
exert a force on the surface, and the magnitude of this tilt is directly related to the applied
contact force. The calculation of the horizontal force is based on the mass of the aerial
manipulator. This requires an additional assumption, that the aerial manipulator is not
accelerating in the z-direction.

However, basing the force estimate solely on the drone’s orientation and mass means that
inertial forces due to linear accelerations are included in both F;, and F),. These forces are
removed using filtered accelerometer measurements when processing the results. The calculated
force estimates still include other external forces besides contact forces and this should be
considered when interpreting the results. This is important for the experiments with wind
disturbances.

Another important note is the orientation estimation offset mentioned before. This would
directly influence the force estimates and therefore this also needs to be taken into account
when calculating the estimated forces. This is done by rotating the measured orientation by
the inverse of the estimated orientation offset gofset in postprocessing of the data.
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Figure 5-50: A visual montage of the eight drawing experiment on a whiteboard

The same eight drawing experiment as in simulation on a vertical surface is performed in a real
world experiment with some initial position offset of the reference trajectory. The end-effector
is equipped with a marker and the surface will be a whiteboard. The normal vector of the
whiteboard is &, = [0 — 1 0]7. A visual montage of the experiment is shown in Figure 5-50. A
side view of the horizontal eight experiment without disturbances is shown in Figure 5-51. The
end-effector position tracking errors are shown in Figure 5-52 and the absolute end-effector
position and attitude tracking error are shown in Figure 5-53. The joint positions during the
experiment are shown in Figure 5-55. The estimated external forces are shown in Figure 5-54.
The commanded rotor speeds are shown in Figure 5-56. Two time instants are highlighted in
the figures with a dashed vertical line, which correspond to the time at which contact occurs
t. and the time at which the sliding starts ¢;.

First we note that force tracking seems to be quite consistent, and tracked force is around
0.5 N too much for NMPC-FF-INDI and around 0.4 N for NMPC-FF-CINDI. If we compare
it to the results in simulation, the tracked force was also too large for NMPC-FF-CINDI
but consistent throughout the experiment. The extra contact force may be partly explained
by the orientation offset. During hover the DSAM is estimated to have a pitch offset which
would also leads to additional contact normal force during this experiment. The cascaded
INDI inner loop applies slightly more force than the controllers without the position INDI
control layer. This was also observed during simulation. The controllers track a consistent
force reference during the experiment which is desired. In Figure 5-51 and in Figure 5-53 we
see that cascaded controller is able to obtain visibly less tracking error, leading to end-effector
position offsets of at most 5 cm compared to around 7 cm without the INDI position control
layer. In Figure 5-52 we see the difference in position tracking error before contact is mostly
due to a steady-state offset from the orientation estimate error. After contact the end-effector
position offset is increased. This is also visible in Figure 5-51, where the drawing seems to be
shifted to the bottom-left.

In Figure 5-55 we see that ] = 0 during contact. However during contact it should be
non-zero, if the end-effector direction should be perpendicular to the wall. The NMPC layer
does calculate a desired joint angle to account for this. However due to the weight on the
joint position tracking in the NMPC this will lead to end-effector orientations which are not
perpendicular to the surface because of the reference joint position. This should be improved
in the reference trajectory generation method. This could explain the significant offset in the
end-effector z-direction after contact.

During sliding there are friction forces. This may lead to additional tracking error. It can be
seen that NMPC-FF-CINDI is less affected by the sliding friction forces than NMPC-FF-INDI.
This can be seen in the deviations of the end-effector position errors e, and e, during the
drawing experiment after ;.
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Figure 5-51: Side view of the end-effector position trajectory during the eight drawing experiment
on a vertical surface with no wind.

Besides the steady-state end-effector position offset during contact, the obtained results are
consistent with the simulation results. A probable reason why this offset did not occur in
simulation is because the NMPC weights were mostly put on the end-effector pose tracking
and less on the base tracking, while in real world experiments the NMPC weights were largest
on the base position tracking instead of the end-effector. Lastly, in the real world experiment
the importance of the attitude INDI is really shown as the pure NMPC-FF controller became
unstable during the sliding experiment. Friction and normal forces on the aerial manipulator
end-effector introduce large torques on the base due to the length of the arm. Ignoring these
terms in the pure NMPC-FF control scheme does not seem to work in reality and a more
robust controller is needed to reject these disturbances. For our work this is done using an
INDI attitude control layer.
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Figure 5-52: The end-effector position trajectory tracking errors in the real world eight drawing
experiment on a vertical surface with no wind.
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Figure 5-53: The absolute end-effector position and attitude error in the real world eight drawing
experiment on a vertical surface with no wind.
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Figure 5-54: The estimated external forces in the real world eight drawing experiment on a
vertical surface with no wind.
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Figure 5-56: The rotor speeds commands for the real world eight drawing experiment on a vertical
surface with no wind.
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Figure 5-57: A snapshot of the eight drawing experiment on a whiteboard with external wind
parallel to the whiteboard. The fan is located on the right of the whiteboard blowing wind speeds
up to5 m/s

Next we perform the same experiment but with wind blowing parallel to the whiteboard to
introduce additional disturbances besides friction. The wind speeds were set to around 5 m/s.
In Figure 5-57 a visual of the experimental setup is given. A side view of the end-effector
position during the eight writing experiment with wind is shown in Figure 5-58. The position
tracking errors of the end-effector are shown in Figure 5-59 and the absolute end-effector
pose tracking errors are shown in Figure 5-60. The estimated contact forces are shown in
Figure 5-61. The commanded rotor speeds are shown in Figure 5-62. Two times instants are
highlighted in the figures with a dashed vertical line which correspond to the time at which
contact occurs t. and the time at which the sliding starts ;.

The wind direction was orientated to be parallel to the wall and the center of the fan was
placed near the same y-position as the whiteboard. This leads to large estimates F}, forces as
can be seen in Figure 5-61. It seems to be around 1 N extra external estimated horizontal
disturbance if we compare the estimated external forces in Figure 5-61 and in Figure 5-54.
Furthermore it adds a lot more noise into the system as can be seen in all the state trajectories
and inputs. The force tracking ability of both controllers do not differ much from the eight
drawing experiment without external wind.

In this experiment the benefit of adding the position INDI layer is really shown by looking
at the absolute end-effector position error in Figure 5-60, where NMPC-FF-CINDI reaches
absolute position errors of around 12 cm while the NMPC-FF-INDI scheme reaches up to
22 cm tracking error. This is a reduction of around 45% maximum tracking error for this
experiment. In Figure 5-58 it is clearly visible that both trajectories still have a significant
steady-state offset due to the external disturbance in the world x-direction. INDI should in
theory reject external disturbances asymptotically for the dynamics it is applied on. This
does not happen however, due to the trajectory generation of the NMPC-FF layer. This layer
is unaware of any external disturbance and will keep generating optimal trajectories given
no external disturbances. Both NMPC-FF-INDI and NMPC-FF-CINDI are thus unable to
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Figure 5-58: Side view of the end-effector position trajectory for the physical eight drawing

experiment with wind blown parallel to the wall.

asymptotically reject constant disturbances which shows the limitations of the control schemes.
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Figure 5-59: The end-effector position trajectory tracking errors in the physical eight drawing
experiment with wind blown parallel to the whiteboard.
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Figure 5-60: The absolute end-effector position and attitude tracking error in the physical eight
drawing experiment with wind blown parallel to the whiteboard.
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Figure 5-61: The estimated external forces in the physical eight drawing experiment with wind
blown parallel to the whiteboard.

We also perform the same eight trajectory but with wind blowing perpendicular on the
whiteboard. This will influence the estimation of F},, but also the estimated contact force
for the NMPC as it is in the direction of the surface normal. A side view of the end-effector
position during the eight wall experiment with wind is shown in Figure 5-63. The position
tracking errors of the end-effector are shown in Figure 5-64 and the absolute end-effector
position and attitude tracking error are shown in Figure 5-65. The estimated contact forces
are shown in Figure 5-66. The commanded rotor speeds are shown in Figure 5-67. Two times
instants are highlighted in the figures with a dashed vertical line which correspond to the time
at which contact occurs ¢, and the time at which the sliding starts 5.

We can see in Figure 5-66 that F, is estimated around —0.8 N from the start. This makes sense
as the wind was blowing from behind the aerial manipulator towards the whiteboard. During
contact, the normal force is estimated to be around 1 N for both cascaded as non cascaded
INDI control schemes. As the system is unable to distinguish between contact forces and
other disturbances it is difficult to estimate the real contact force applied. But if we assume
that the wind was applying an additional force of around 0.8 N on the aerial manipulator,
the contact force would have been around 1.8 N while the reference force was 0.5 N. The
system did however remain stable even though the real contact normal force was probably
significantly larger than the reference and estimated force.
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Figure 5-62: The rotor speeds commands for the physical eight drawing experiment with wind
blown parallel to the whiteboard.
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Figure 5-63: Side view of the end-effector position trajectory for the physical eight drawing
experiment with wind blown perpendicular on the whiteboard.
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Figure 5-64: The end-effector position trajectory tracking errors in the physical eight drawing
experiment with wind blown perpendicular on the whiteboard.
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Figure 5-65: The absolute end-effector position and attitude error in the physical eight drawing
experiment with wind blown perpendicular on the whiteboard.

1.5
MR
1.0 1 f
I o
s Al ARl L
= 1
i~
w
0.0 Reference Force
—— NMPC-FF-CINDI
—-0.5 1 —— NMPC-FF-INDI
—— NMPC-FF-CINDI no disturbance
-1.0 T T T T T T T T
0 5 10 15 20 25 30 35
1.0 4 — NMPC-FF-CINDI
—— NMPC-FF-INDI
054 NMPC-FF-CINDI no disturbance
=z
= 0.07
'y
_0'5_
-1.0
0 5 10 15 20 25 30 35
t(s)

Figure 5-66: The estimated external forces in the physical eight drawing experiment with wind
blown perpendicular on the whiteboard.
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Figure 5-67: The rotor speeds commands for the physical eight drawing experiment with wind
blown perpendicular on the whiteboard.
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Figure 5-68: A visual montage of the eight drawing experiment on an inclined whiteboard

Also an eight drawing experiment on an inclined surface is performed similar to the one in
simulation to show ability to perform sliding tasks on inclined surfaces also in real world
experiments. The surface normal vector is &, = [0, —0.7071,0.7071]". A visual montage of
the experiment is shown in Figure 5-68. A side view of the end-effector position during the
inclined eight drawing experiment is shown in Figure 5-69 and in Figure 5-70. The position
tracking errors of the end-effector are shown in Figure 5-71 and the absolute end-effector
position and attitude tracking error are shown in Figure 5-73. The estimated contact forces
are shown in Figure 5-74. The commanded rotor speeds are shown in Figure 5-75.

The controllers were able to perform the inclined eight drawing experiment in real world. The
NMPC-FF-CINDI scheme had large high frequency oscillations after contact with the surface
was made. It did manage to stabilize after around 4 seconds as can be seen in Figure 5-74 and
in Figure 5-75. Reason for these oscillations may be due to increased aerodynamic interference
due to the surface on the rotor thrusts. The cascaded INDI may be more affected by this due
to the position INDI control layer. The absolute position tracking error of the end-effector
seems to be lower for the cascaded controller by around 2 cm. This lower tracking error
however seems related to the reduced steady-state offset of the NMPC-FF-CINDI controller
compared to the NMPC-FF-INDI controller.
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Figure 5-69: Side view of the end-effector position trajectory for the physical inclined eight
drawing experiment with no wind.
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Figure 5-70: Side view of the end-effector position trajectory for the physical inclined eight
drawing experiment with no wind.
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Figure 5-71: The end-effector position errors in the physical inclined eight drawing experiment.
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Figure 5-72: The joint positions in the physical inclined eight drawing experiment.
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Figure 5-73: The absolute end-effector position and attitude error in the physical inclined eight
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Figure 5-75: The rotor speeds commands for the physical inclined eight drawing experiment.
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Figure 5-76: A montage of the drawing experiment using a crayon on a blackboard.

5-2-4  Aerial Writing: Blackboard

In this final section also an aerial sliding tasks using a crayon on a blackboard is performed. A
visual montage of the experiment is shown in Figure 5-76. The relative arm-root end-effector
position was changed in this experiment to zr, = [0.17,0, 0], as the crayon was shorter than
the marker. The end-effector trajectory follows a horizontal line on a blackboard which is
oriented vertically. This sliding experiment is significantly more difficult than the whiteboard
experiment, as the friction forces are higher for this task. This is partly because the static
friction coefficient of the crayon is very high. Also the tip of a crayon is brittle, less compliant
and larger compared to a marker. All these factors makes the sliding more difficult and this
has clear effect on the stability of the DSAM during the experiments. In the end lowering
the attitude cut-off frequency from 12 to 6 Hz made the system remain stable during the
blackboard experiment described in this section.

An explanation of this instability may be the switching in dynamic and static friction forces
in some end-effector velocity regimes can be viewed as high frequency disturbances due to
the contact imperfections. The INDI attitude controller tries to compensate for this high
frequency disturbance with some delay, which results in instability. By lowering the attitude
low-pass filter cut-off frequency fait, we are smoothing out the indirectly observed disturbance
torques on the base in the angular acceleration measurements, which allows the controller to
remain stable.

In Figure 5-77 the end-effector position is plotted over time, in Figure 5-78 the end-effector
velocity is plotted during the experiment, in Figure 5-79 the absolute end-effector pose tracking
errors are plotted over time. In the absolute end-effector pose tracking error we will be
ignoring the error in the direction of the surface to remove the penetration depth offset. In
Figure 5-80 the estimated external forces are plotted over time and in Figure 5-81 the motor
speeds are plotted. We see that the controllers are both able to track the reference force of 1
N. The estimated friction forces reach up to 1 N. The ratio normal and friction contact force is
significantly larger than for the whiteboard experiment. We see that NMPC-FF-CINDI is able
to follow the end-effector reference faster and also reaches less steady-state error in tracking
the reference compared to NMPC-FF-INDI. This is especially visible during the 10 seconds
where xp = —0.2. The maximum absolute tracking error of the cascaded INDI inner loop
is around 8 cm during sliding while the attitude INDI inner loop has a maximum absolute
tracking error of around 13 cm.
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Figure 5-77: The end-effector position trajectory in the blackboard drawing experiment.
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Figure 5-79: The absolute end-effector position and attitude error in the blackboard drawing
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Figure 5-80: The estimated external forces in the blackboard drawing experiment.
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Figure 5-81: The rotor speed commands during the blackboard drawing experiment.
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Chapter 6

Conclusions

In this work a modified Nonlinear Model Predictive Control (NMPC) control scheme is
proposed for aerial manipulation, building upon a baseline NMPC formulation proposed in
[55] for agile quadrotor flight. The NMPC is contact-aware and incorporates external force
feedback, with a spring model introduced in the cost function in a manner similar to [59].
Alongside this, two whole-body inner-loop controllers were developed: an attitude Incremental
Nonlinear Dynamic Inversion (INDI) controller and a cascaded INDI controller. Through
an ablation study, it was demonstrated that adding the reference force in the dynamics as
contact force improves force tracking performance, while incorporating external force feedback
and a linear spring model in the cost function enables the NMPC to be combined with the
cascaded INDI controller to track reference forces in arbitrary directions. Also the design
choice of whole-body and decoupled control is shortly explored for the INDI method in
simulation and whole-body control has shown benefit for stability of the controller when the
arm mass is significant compared to the total aerial manipulator mass. Real-world aerial
writing experiments validated the robustness of the proposed control scheme under real-world
uncertainties, where the baseline NMPC failed to maintain stability. The attitude INDI
controller allows the aerial manipulator to handle the unmodeled external torques on the
base due to the sliding on different surfaces. Furthermore the INDI position layer seems to
increase the friction force rejection visibly in the end-effector position tracking error. Also in
presence of other external disturbances such as wind, the INDI position control layer increases
disturbance rejection performance. The cascaded INDI inner loop achieved up to 45% less
maximum end-effector tracking error compared to the attitude INDI inner loop during an
eight-drawing experiment conducted under external wind disturbances with wind speeds of
around 5 ms~!. The force tracking of the controllers are consistent during sliding, but they
all seem to overshoot the reference force. This is likely related to the penetration depth
and orientation offset which were found during real world experiments. Lastly the drawing
experiment is also shown to work on an inclined surface in real world experiments.

One practical improvement that can be made to the results obtained in this work is a better
orientation calibration of the system. This may reduce the force and position tracking offsets
currently found in the results. Also the joint reference from the reference trajectory generator
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should account for contact forces. This change could make sure that the end-effector orientation
is perpendicular to the contact surface during sliding.

The proposed control architecture consists of many control layers. This complexity is not
desired and it may be beneficial to question the necessity of certain control layers in the
NMPC-FF-CINDI scheme. Starting from the NMPC control scheme, each added layer does
appear to offer some benefit over the baseline. However, it may be worth to study if the
NMPC outer loop is really necessary, given that the reference trajectory fed into the NMPC is
itself the output of an offline planning algorithm. While the predicted states from the NMPC
appear to play a stabilizing role for the inner loop controllers, it also leads to a tracking offset
in the presence of external disturbances. This is a notable limitation, as the use of INDI is
theoretically expected to completely reject such disturbances.

In this work whole-body INDI is proposed and chosen over a decoupled approach to account
for larger arm masses. In the ablation study in simulation it seems to indeed add benefit
to account for the dynamic forces due to the presence of an arm. However in real world
experiments both the whole-body and decoupled INDI controllers showed high frequency
oscillations and even instability for large arm masses. Choosing a significantly lower arm mass
than reality in the control model made the system able to hover with large arm mass. The
reason why a nominal model combined with INDI was unable achieve satisfactory performance
for large arm masses is unclear and additionally raises questions why there is such a difference
between simulation and reality. Using the baseline NMPC the Differential Shoulder Aerial
Manipulator (DSAM) was able to fly when using the nominal mass in the controller in real
world experiments even for large payload masses on the end-effector. Understanding and
finding a solution to this observation is crucial before INDI can be adopted for other general
aerial manipulation tasks.

Several promising directions exist for future research. An alternative to the NMPC outer loop
could be explored in combination with INDI. The addition of a disturbance observer to the
outer loop could solve the asymptotic offset currently observed with the cascaded INDI scheme.
On the theoretical side, stability guarantees for the NMPC formulation on the DSAM platform
can be insightful and useful and lack in this work. Also as the NMPC is unaware of the
INDI inner loops, formal stability guarantees on the total proposed formulation will probably
not exist. A study on a unified NMPC formulation with for example an INDI-based tube
controller could therefore be interesting and allow for some strong stability and robustness
properties for nonlinear systems.

Applying INDI directly to a fully actuated platform would also be of interest, as it could
simplify the proposed cascaded control architecture to a single INDI control layer. The effect
of acceleration measurement filters on INDI performance is also interesting to explore further,
as in this work only a simple second order low pass filter was used. The choice of cut-off
frequency faty in the INDI attitude loop lead to significantly different behavior during sliding,
especially for the blackboard drawing experiment.

For the hardware side of the DSAM, transitioning from position to torque control on the
manipulator arm could improve the whole-body control performance.

Finally, on a broader level, working towards greater autonomy of the DSAM by adding vision
for example will be a useful next step. To add more tasks within the capabilities of the
DSAM, learning algorithm can be explored such as reinforcement learning building further
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upon the work in [17] or GP-NMPC to be able to adapt to new environments or configurations.
Even though the point of this work was to ignore friction forces, it may also be of interest
to study the proposed framework with an additional module to adapt to different surfaces
and contact properties that may enable consistent performance during sliding on even more
difficult and uneven surfaces. Also deploying the DSAM in real-world maintenance tasks such
as non-destructive testing outside of a laboratory environment would also show some useful
applications of the novel aerial manipulator system and controller design.
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Appendix A

DSAM Kinematics and Dynamics

A-1 Kinematics

A Jacobian is defined such that it maps the generalized velocity vector v to the inertial twist
(linear velocity p and angular velocity w) of the respective body:

p
w

J
JZ] v (A-1)

where v = [v?;, Bwa, 7] € R®. In this work we are going to use the Projected Newton-
Euler Method (PNEM), which allows to simplify the dynamics by using mixed frames for the
rotational and translational dynamics. As long as the Jacobian maps to the inertial velocities,
it can be chosen in which frame these inertial velocities are expressed. For the Differential
Shoulder Aerial Manipulator (DSAM) we choose to express the translational Jacobian in the
inertial frame, and to express the rotational Jacobian in body frame B, so we obtain:

Pi | _ l /P ] v (A-2)

BWi BJ R,

for each body i € {B, A}.

To simplify the expressions, we define the skew-symmetric matrix operator [-]« for a vector
x = (21,29, 23]

0 —XI3 xTo
[$]>< == I3 0 —XI1 (A—3)
—X9 T 0

The base position is given by p, and its orientation by R;p. The velocities are directly available
in the state vector v. This gives the translational Jacobian (Jpp € R3*®):

Jpp = [ I3 | 0343 | Ogx2 } (A-4)
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The rotational Jacobian of the base (5Jr g € R**®) is given as:

BJRB = [ 03x3 | I3 | 0352 } (A-5)
as pwy is directly available from the generalized velocity vector.

The inertial position of A is p4, = p, + RiB gPye. Differentiating this with respect to time
yields the translational Jacobian. The angular velocity is the sum of the base angular velocity
and the arm angular velocity all expressed in the body frame.

We define the relative position of the arm CoG (A) with respect to the base (B), expressed in
the base frame ¥ g, as gpp,:

BPba = BPbr + RBA(T)) APra (A_6)

Define the manipulator Jacobian Jyan, € R%*2 which relates the joint velocities 17 to the
velocity of the arm CoG relative to the base, expressed in the base frame:

v =J man '
Jman(N) = Jp’man] such that ° A/B Frma 77 (A-7)
JR,man BwA/B = JR,manT]
The translational Jacobian of the arm (Jp 4 € R3*8) is given as:
Jpa = [ Is | —RiBlPealx | RiBJpman } (A-8)
by applying the chain rule on the differentiation of inertial position vector of A.
The rotational Jacobian (gJg 4 € R3*®) is given as:
BJRA = { 03x3 | I3 | JR,man ] (A-9)

Now we will derive the specific manipulator Jacobian in case of the DSAM. We start with the
translational Jacobian which is derived by differentiating the relative position vector:

BPba = pPbr + RBA(N) APra (A-10)

The rotation matrix Rp4(n) consists of two successive rotations, first around the body y-axis
and then the x-axis: Rpa(n) = Ry(m)Rz(12).

Since ppp and 4pr, are constant geometric offsets, the time derivative is:
5Pba = Rpa(n) aPra (A-11)
Using the product rule on Rpa = Ry (n1)Rz(12):
Rpa = Ry(m)Ru(n2) + Ry(m) R () (A-12)

We use the standard identities for rotation matrix derivatives. For the first rotation 7; about
the fixed base y-axis (e2), and the second rotation 72 about the local x-axis (e;):

Ry(m) = [imea]x Ry(m) (A-13)
Ry (n2) = Ry (n2)[ien] (A-14)
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Substituting these back into the velocity equation:

BPra = ([Mmez]x Ry(m)) Ra(n2) aPra + Ry(m) (Re(n2)[2e1]x) aPra

) ) (A-15)
= [77162]>< (RBA Apra) + RBa ([n2€1]>< Apra)
Using the cross product property [u]xv = —[v]xu, we can rearrange to isolate 7; and 7s:
BPba = —[RBA APra]x€2m — Rpa[aPra|xe1m2 (A-16)

From this expression, the translational manipulator Jacobian Jpyan can be extracted as:

JP,man = [_[RBA Apra] x €2, _RBA [Apra] Xel] (A'17)

The rotational manipulator Jacobian Jg man is easier to derive as it is possible to add the
angular velocities if expressed in the same frame. The angular velocity of the arm Center of
Gravity (CoG) or frame A relative to base frame B is:

Bwa/B = bseani + Rpaernj (A-18)
which yields the following rotational manipulator Jacobian:

JR,man = [62 RBAel} (A-lg)

A-2 Generalized Mass Matrix

Now we have derived all the Jacobians relevant for the PNEM. To obtain the Equations of
Motion (EoM) is now simply applying the PNEM which is described in Section 2-2. Here we
will write out the mass matrix in block matrices, which is used for analyzing the different
inner loop controllers in Chapter 4.

Let myp, mg be the masses of the base and arm, respectively. Let 7, be the inertia tensor of
the base expressed in the base frame ¥ g, which is a known parameter. Let 47, be the inertia
tensor of the arm expressed in the arm frame ¥ 4, which is a known parameter.

We first define the arm inertia tensor rotated into the base frame:
5Za(n) = Rpa(n) Zo RGa(n) (A-20)
The mass matrix M (q) € R8*® is constructed by summing the contributions:

M(g)= > (Jlig,imiJP,i+BJ£,iBIiBJR,i) (A-21)
i€{A,B}

We partition the mass matrix according to the generalized velocities v = [vbT, Bwa, 1T
My Mia Mg

M(q) = |M{y My Moy (A-22)
Ml M, Mss
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The symbolic expression for each block is given below. First we look at the diagonal entries,
which are all square matrices. The first submatrix (M;; € R3*3) represents the total mass of
the system and is purely diagonal:

Myy = (my +mg) I3 (A-23)

The second diagonal entry in the mass matrix is (May € R3*3), which represents the total
inertia seen at the base frame. It includes the base inertia, the arm inertia (rotated), and the
Steiner term (parallel axis theorem) accounting for the arm’s offset position:

Mao = Ty + gZa — MalpPbal x | BPbal x (A-24)

The third diagonal entry (M3zz € R?*2) is the mass matrix of the manipulator arm itself, as if
the base were fixed. The expression of this block is:

M33 = maJ]CZ;’manJP,Inan + Jg’man BIQJR,man (A_25)

As can be seen the term is completely independent of the base Jacobians and generalized
coordinates related to the base.

Lastly there are three coupling blocks, which define how the translational dynamics, the
rotational dynamics of the base and arm dynamics are related.

The coupling block (Mis € R3*3) defines the relation between the translational and angular
dynamics of the DSAM. As the arm shifts the CoG of the aerial manipulator system from the
quadrotor base, this also induces additional forces on the base with rotation. The expression
of this block is given as:

M2 = —mqRiB [pra] X (A‘26)

The next block (Mjz € R3*2) couples inertial linear velocity with joint velocities. The
expression is given as:
M3 = maRrBJpman (A-27)

The block (M3 € R3*2) couples base rotation with joint motion. It includes coupling from
the arm’s linear motion (via the lever arm) and the arm’s rotational inertia. The expression is
given as:

M23 — ma[pra]XJP,man + BIaJR,man (A‘28)
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Appendix B

NMPC Tunings

In this appendix the different tunings used in the disturbance rejection experiments in

simulation are given. The weights are given in Table B-1.

Table B-1: NMPC weight changes for the disturbance rejection experiments in simulation

Experiment Qp.E Qq.E Qp.B
1 diag([100, 100, 100]) diag([200, 200, 200]) diag([10, 10, 10])
2 diag([200, 200, 200])  diag([200, 200,200])  diag([20, 20, 20])
3 diag([10, 10, 10]) diag([200, 200, 200]) diag([200, 200, 200])
4 diag([50, 50, 50]) diag([100, 100, 100]) diag([50, 50, 50])
5 diag([50, 50, 50]) diag([50, 50, 50]) diag([50, 50, 50])
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Optimal Control Problem
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