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Objectives of the 2015 phase
The phase objective delineated in the implementation plan was the development of models for
aerial vehicles and robotic arms. Assistive robotics [1], or, specifically, the use of robotic arms
is motivated by the societal need of increasing the independence of elderly and disabled people.
Higher living standard may be obtained by employing robotic assistance. Aerial vehicles, in partic-
ular vertical take-off and landing ones such as quadrotors [2, 3, 4], have received a growing interest
of the robotics research community due to the numerous applications that can be addressed with
such systems, like surveillance, inspection, or mapping [5, 6]. However, for model-based control,
these systems require methods and algorithms that are able to 1) reliably estimate variables of
interest while compensating for sensor limitations and disturbances; and 2) achieve the desired
control objective in spite of actuator limitations and significant changes in the model due to ex-
ternal, possibly discontinuous destabilizing effects. Since our objective is model-based control, in
this short phase, we have focused on developing models for quadrotors such as AR Drones and
robot arms, specifically a Cyton Gamma robot arm. These will be used in the next phase for testing
and validating controller and observer design methods. Preliminary steps were made towards the
analysis of these models and the development of local methods for estimation and control.

1 Model development
1.1 Aerial vehicles
The first class of systems that has been modelled is quadrotors. Classic models exist for fixed wing
planes and helicopters. However, since commonly flying vehicles are modelled as rigid bodies,
multirotors can use the same modelling principles as for instance the ones used for helicopters.
The differences between various architectures are reflected in the way the flight is achieved.

Flight dynamics can be modelled using one of the following two approaches: using the equa-
tion of energy conservation and the Euler-Lagrange formalism [7, 8, 9, 10], or describing the
movement (rotation and translation) of a rigid body in an inertial space, based on the Newton-Euler
approach [11, 12, 13, 14, 15, 16]. The former procedure determines the translational dynamics in
a simple way, but in the existing models the rotational dynamics seems to remain at a higher level
of description. On the other hand, the Newton-Euler approach provides a complete relationship
between rotor speed inputs and the translational and rotational dynamics of the vehicle.

Besides modelling as a rigid body, several other representation alternatives have been consid-
ered. A simpler approach is to look at the vehicle as a point mass, in situations when only the
evolution of the position is relevant (e.g. in certain high-level path planning tasks). More complex
models consider the vehicles as multi-rigid-bodies, or non-rigid-bodies (e.g. flapping-wing archi-
tectures). However, in case of multirotors, single-rigid-body models are sufficient. Additional
dynamics specific to multirotors and helicopters, such as propeller blade flapping and induced
drag [13, 17, 18] are not considered at this moment.

Quadrotors are commonly modelled using one of the two configurations presented in Figure
1.1: “plus” configuration, when the quadrotor arms are aligned with the x and y axes; and “cross”
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configuration, when the quadrotor is rotated with 45o around the z axis compared to the previous
configuration. Since an ahead-looking camera is mounted on the cross, the latter one is preferred.
In this way the forward direction corresponds to the view direction of the camera. Motor number-
ings and corresponding angular velocities, marked with ωi, are presented in Figure 1.1.
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Figure 1: Quadrotor configurations: plus (left) and cross (right) configuration

We used both modelling approaches to build models for the AR Drone on which validation
and testing will be performed. For the Newton-Euler approach, we built upon the procedure from
[15], whereas for the Euler-Lagrange formalism, we followed the steps presented in [19, 9]. It
should be noted that we did not assume a near-hovering behaviour that is commonly considered.
The quadrotor is modelled as a single rigid body, having a symmetrical structure, with the origin
of the body frame in the center of gravity. Additionally, the propellers are assumed to be rigid
objects.

Furthermore, we have identified the parameters of the AR.Drone 2.0 quadrotor [20]. Most
parameters depend on the actual quadrotor that is used, e.g., the weight of the vehicle depends on
the equipment used onboard. We have performed measurements for two AR Drone 2.0 quadrotors
and obtained the results shown in Table 1.

Table 1: Parrot AR.Drone 2.0 parts weight measurements

first quadrotor mass (kg)
fuselage 0.293

1500 mAh battery 0.120
indoor hull 0.057

outdoor hull 0.029
GPS module 0.033

second quadrotor mass (kg)
fuselage 0.294

1000 mAh battery 0.101
indoor hull 0.076

outdoor hull 0.030

The different weights influence the other parameters as well, specifically the moments of in-
ertia. Therefore, although the mass will be exactly known, we might consider an uncertain model
for which a robust controller will have to be designed.

In the current configuration of the system the inputs are the desired velocities. In order to
obtain a better control performance, the forces and torques acting on the rotors will be used as
inputs. Based on the official product specifications [21], the minimum and maximum values of
these inputs have been determined.

1.2 Robotic arms
The second class of systems considered is robotic arms. The mathematical models that character-
ize a robotic arm are structured into three categories:

1. The geometrical model - representing the position and the orientation of the joints and the
gripper relative to a fixed coordinate system.
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2. The kinematic model - representing the velocity and acceleration of the joints and the gripper
relative to a fixed coordinate system.

3. The dynamic model - representing the effect on the position and orientation of the forces
and the torques acting in the physical system.

For open-chain mechanical structures, such as the robot arm, the direct models are analytical
and are represented by the equations which describe the position, orientation, velocity, acceleration
and active forces, with respect to a fixed coordinate system and knowing all the motion parameters
of the active joints relative to their coordinate system.

The design of the control algorithms for a robot with n degrees of freedom imposes that the
mechanical structure to be geometrically modeled. The geometrical model of the robot can be
obtained using different methods like: vectorial method, rotation matrices, general parameters,
Denavit-Hartenberg method, etc. The Denavit-Hartenberg parameters define the relative position
both for the kinematic axes of the element and for the neighbor elements connected on the same
motion axis, and they define the homogenous transformation between two consecutive axes.

Figure 2: Cyton Gamma 1500 robot arm

From the mechanical point of view the Robai Cyton Gamma 1500 robot arm is an open chain
kinematic structure, having seven active rotation joints. The equations which define the position
and the orientation of the robot gripper relative to the fixed coordinate system placed in the robot
base were determined using the Denavit-Hartenberg method.

The direct kinematic model of the robot Robai Cyton Gamma 1500 implied the determination
of the joints’ motion vectors, angular and linear velocities, angular and linear accelerations.

Keeping in mind the objective of designing controllers, rigid bodies have been assumed. Thus,
the robot elements are rigid and connected with class V joints (one degree of freedom) and are
considered perfect from the friction and elasticity point of view. The dynamic model of the robot
has been determined using the iterative Newton-Euler method, based on the following known
parameters:

1. the mass of the elements (joint and connection element)

2. the mass center point relative the joint coordinate system

3. the moment of inertia of an element relative to the frame placed in mass center point
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Each element is acted upon by external forces and torques. Therefore, in order to determine the
dynamic equations of the mechanical structure, the following parameters have been determined
for each element:

1. the external force acting on the mass center point of the element;

2. the external torque generated by the force;

3. the connection force between two consecutive elements applied in the origin of the coordi-
nate system of the second element;

4. the torque generated by the connection force for each element of the system.

In the connection links of the joints have been considered geometrically simple elements, with
the mass center point being placed at a half of the element length. With these assumptions an
extremely complex mathematical model has been obtained. The next step consists in determining
the limits of all the variables and parameters involved, together with possible ways to simplify this
model.

2 Preliminary and other work
In a collaboration with V. Estrada-Manzo and Thierry-Marie Guerra at the University of Valen-
ciennes, conditions for observer design for mechanical systems in descriptor form are being re-
searched. A journal submission has been prepared.

In the context of the cooperation with J. Laubers, steps have been made towards a framework
for local analysis and controller design of nonlinear systems. Several conference submissions are
planned.

PI Zs. Lendek and K. Máthé have begun working on controller design for quadrotors.
Finally, Zs. Lendek will give a presentation at the 54th IEEE Conference on Decision and

Control, Osaka, Japan, on the subject of unknown input estimation for nonlinear descriptor sys-
tems via LMIs and Takagi-Sugeno models. In this talk she will also outline some of the points that
have been undertaken in the project.
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[9] L. R. Garcı́a Carrillo, A. E. Dzul López, R. Lozano, and C. Pégard, “Modeling the quad-rotor mini-
rotorcraft,” Quad Rotorcraft Control, pp. 23 – 34, 2013.
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