CONTROL METHODS AND ARCHITECTURES
FOR AERIAL MANIPULATORS IN PHYSICAL
INTERACTION WITH HUMANS
M. (Mark) van Holland

MSC ASSIGNMENT

Committee:
A. Franchi, Ph.D HDR
ir. A.N.M.G. Afifi
dr. ir. J.J. de Jong

August 2021
055RaM2021
Robotics and Mechatronics
EEMathCS
University of Twente
P.O. Box 217
7500 AE Enschede
The Netherlands

ii

ms2021 Mark van Holland report

Mark van Holland

University of Twente

iii

Summary
The goal of this report is to investigate a possible methodology for human-aerial manipulator
interaction. The control scheme presented in this report is inspired from different areas of
aerial robotics literature, which will result in an innovative combined scheme. The result is a
whole controller for an aerial manipulator, using optimization methods, which can behave in
a compliant manner in response to external forces on its end-effector. The effectiveness of the
approach is shown in a realistic simulation environment with human in the loop inputs. The
robustness of the system is investigated with respect to measurement noise and parametric
uncertainty.
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1 Introduction
Nowadays unmanned aerial vehicles (UAVs) are used for a variety of applications, like contact free inspections tasks (Seo et al., 2018), photography, surveillance, and monitoring (de Oca
et al., 2018). These applications all involve contact free situations. In recent years, more and
more research is done in aerial manipulators which physically interact with the environment
(Jimenez-Cano et al., 2015). In such situations the aerial manipulator needs to control the position of the contact point and the amount of force exerted by it.
This project is part of the Aerial-Core program. This is an EU funded initiative for the "development of core technology models and an integrated aerial cognitive robotic system that will
have unprecedented capabilities on the operational range and safety in the interaction with
people."(Ollero, 2019) At the University of Twente work is done in developing aerial manipulators that will cooperate with human workers in high-altitude work on power lines. For this
purpose it is desirable to have a full pose controller which is predictable and safe for the human
to be around.
The goal of this report is to design a controller to do cooperative tasks with a human worker.
This controller will be tested on the FiberTHex. This is a fully actuated hexarotor, which is
equipped with a three degree of freedom (DoF) arm. The whole system thus has nine DoF,
which will make it redundant for postural tasks on the end-effector. In order to be safe for a
human to be around the aerial manipulator, the behaviour of the system should be predictable
for the human.
In order to achieve this goal a quadratic problem (QP) optimizer will be used to control the propeller speeds directly. A controller will be sending acceleration commands, for the FiberTHex
platform and the joint angles, to the QP-optimizer. This will translate the postural task of the
end-effector to the propeller speeds and joint velocities for the aerial manipulator. Because the
system is redundant auxiliary tasks can be given to the system, which will be performed in the
null-space. To make cooperation more natural for the human it is desirable for the system to
be compliant when interacting with the human. In order to achieve this a admittance filter will
be used.
Simulations of the system shows that the designed controller is able to take a pose for the endeffector and control the aerial manipulator to achieve this pose, while respecting system limits
such as joint and propeller speed limits.
The rest of the report is structured as follows: chapter 2 will show related work that has been
done in the field. Chapter 3 will give a model of the aerial manipulator. Chapter 4 explain the
proposed controller, and the admittance filter. Chapter 5 will give the results of the simulations
and the experiments on the physical drone, which are then interpreted in chapter 6. Chapter 7
will give the conclusions of this work, and lastly recommendations for future work are given in
chapter 8
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2 Related work
There is already research done on the topic of aerial manipulation. For example in (Ryll et al.,
2019) they used a fully actuated aerial manipulator and equipped it with a fixed end effector.
Because the platform was fully actuated, it was able to deliver forces and torques in all directions independently, making it a six DoF system. This meant the system was able to control not
only the position of the end-effector, but also the position, while staying within the limits of the
system. In (Ryll et al., 2019) they used a wrench observer to estimate the wrench on the system,
assumed to be located at the end-effector. This wrench was used to implement a admittance
filter in the control loop. (Ryll et al., 2019) Was able to create a ’flying end-effector’ which was
pose controlled. The end-effector was compliant, such that in a peg-in-hole task the system
could correct for miss-alignment of the end effector.
In the work of (Nava et al., 2020) they used the same platform as in (Ryll et al., 2019), but instead
of using a fixed end effector, they equipped the platform with a three DoF robotic arm. This
way the system is redundant for full pose tasks at the end effector. The system controlled the
propeller speeds, and the motor velocities at the the joints directly using a QP optimizer. The
controller controlled the accelerations of the platform, the joint accelerations, and the forces
applied by the end effector. The resulting signals were then converted by the QP optimizer
to propeller speeds, and motor speeds. The wrench at the end effector was measured using a
force torque sensor located at the end-effector. (Nava et al., 2020) Was able to control the force
exerted by the end-effector. They were also able to use the arm to push of a surface to reach the
waypoint faster.
In (Ryll et al., 2018) a fully actuated multi-rotor is modeled and controlled. The platform is
equipped with a two DoF robotic arm and one with a four DoF robotic arm. The propeller
speeds and the motor torques are obtained using model inversion. The controller on the end
effector pose was in the task space and inverse kinematics was used to obtain the desired joint
accelerations. For redundancy resolution they use the projected gradient method. This allows
them to give auxiliary tasks to the system in the null-space of the task. The tasks given in the
null space are to keep the platform horizontal, keep the joints as far from the joint limits as
possible, and to avoid obstacles with the platform. (Ryll et al., 2018) showed in simulation that
the system was able to keep the end-effector in position, or following a trajectory, while the
platform moved around to perform the tasks given in the null-space.
In (Cataldi et al., 2016) an impedance control scheme is used to control a multi-rotor equipped
with a six DoF manipulator. The controller they used was devided into three parts. Part one was
the motion planner and the impedance control, the second part was the inverse kinematics,
and the third part included the vehicle, and he manipulator controllers. The vehicle controller
was split into three parts in order estimate the disturbance the manipulator would have on the
platform and to counter this. In the inverse kinematics they used a weighted Jacobian in order
to have the manipulator more compliant than the platform.
(Tzoumanikas et al., 2020) used an aerial manipulator to perform a writing task. The platform
was a hexa-rotor equiped with a three Dof parrallel arm. An non-linear model predictive controller (NMPC) is used to calculate the body moments, collective thust, and the end-effector
postition, from a desired trajectory and the current system state. The moments and thrust are
converted to rotor commands via an allocation control, while the joint angles are calculated via
inverse kinematics. Using this scheme Tzoumanikas et al. were able to write on a white board
with a accuracy of 10 mm.
In (Ficuciello et al., 2015) a seven DoF fixed base serial manipulator was used to preform writing tasks in collaboration with a human. The redundancy was used to keep the robot’s natural
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behavior as close as possible to the desired impedance behavior. They also used a variable
impedance to balance the accuracy of using high damping, and the speed of using low damping.
In this report different methods will be combined, to create one whole body controller. It will
use a QP-optimizer as proposed in (Nava et al., 2020) to calculate the desired propeller speeds
and joint positions, in order to achieve the desired joint accelerations. The QP-optimizer will do
this while respecting the limit on the propeller speeds, and the joint limits. The QP-optimizer
will also limit the rate of change of these variables, in order to more closely mimic real world
behaviors.
Inverse kinematics will be used to translate the accelerations at the end-effector, given by the
PD plus feed forward controller, to accelerations in the joints space of the aerial manipulator.
To resolve the redundancy, the projected gradient method is used. This will allow to have some
auxiliary tasks in the null-space, that will make the robot more predictable. The tasks in the the
null-space will be to keep the platform horizontal, and to keep the joints away from their limits.
In order to have compliant behavior of the system, an admittance filter will be implement. This
filter will be tuned to the desired tasks the drone is to perform. This will be done by shaping the
apparent spring stiffness and damping. In this report for example the drone will have a region
in which the human can interact with the system. In this region there will be no perceived
spring and the system will behave as a mass-damper system. While if the aerial manipulator
was to go outside this region there would be and apparent spring that will pull the system back
into this region.
The main contribution of this paper will be to combine the methods of different control
schemes, and make changes to them in order to suit the current framework, in order to get
the desired behavior, with the goal of human-aerial manipulator interaction. To the best of the
authors knowledge this is the first time a whole-body controller is created for human-aerial
manipulator interaction.
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3 Analysis

Figure 3.1: The FiberTHex aerial manipulator, with a graphical representation of the world frame, drone
frame, and the end-effector frame.

We consider the aerial manipulator as shown in figure 3.1. This aerial manipulator consists of
a fully actuated aerial platform (6 Dofs), which has a three DoF robotic arm mounted underneath. Assuming the arm has n +1 links, connected by n revolute joints, the aerial manipulator
will have 6 + n DoFs.

3.1 Notation
In order to describe the aerial manipulator different frames are defined, as depicted in figure 3.1:
• The world frame FW which has unit axis {xW , yW , zW } and origin OW . This frame is an
inertial frame placed arbitrarily, and where axis zW points in the opposite direction of
gravity.
• The body frame FB which has unit axis {x B , y B , z B } and origin O B . The origin of this
frame is rigidly attached to the center of mass (COM) of the platform, with z B pointing
upwards.
• The end-effector frame FE E which has unit axis {x E E , y E E , z E E } and origin O E E . The origin of this is rigidly attached to the end-effector, where x E E is the approach direction.
The orientation of FB with respect to FW can be described by the rotation matrix R BW ∈ SO(3).
W
The translation between these frames is given by p B
∈ R3
The state of the robot can be described by the state x = (p B , R B , q A ) where p B ∈ R3 is the position of O B expressed in the world frame, R B ∈ SO(3) is the orientation of frame FB with respect
to FW , and q A ∈ Rn is a vector of the joint angles characterizing the configuration robotic arm.
The velocity of the system is given by the vector v = [v B > ωB > v A > ]> ∈ R(6+n) , where v B ∈ R3 is
the linear velocity of the aerial platform with respect to the world frame expressed in the world
frame, ωB ∈ R3 is the angular velocity of frame FB with respect to FW expressed in frame FB ,
and v A ∈ Rn are the joint velocities of the arm.
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3.2 Dynamic model
The dynamic equations of the system can be computed using the Euler-Lagrange equations
(Stramigioli, 2019):
¸
·
wB
+ we
(3.1)
M(x)v̇ +C (x, v )v + g (x) =
τA
Where M(x) ∈ R(6+n)×(6+n) is the inertia matrix, C (x, v ) ∈ R(6+n)×(6+n) is the matrix that accounts
for the Coriolis and centrifugal effects, g (x) ∈ R(6+n) is the gravity vector, w B ∈ R6 is the control
wrench applied to the platform by the propellers, τ A ∈ Rn is the vector of joint torques of the
robotic arm, and w e is the external wrench. It is assumed that aerodynamic effects such as
propeller drag, and ground or wall effects can be neglected.
The control wrench on the platform is applied generated by the propellers. depending on the
speed of the propellers the thrust they create changes. The standard quadratic relation between
the propeller rates and the generated thrust is considered here: (Nava et al., 2020) (Bicego et al.,
2020)
w B = G w (q)(ωp ¯ ωp )
(3.2)
where ωp ∈ RP is a vector of the propellers spinning speeds, G w ∈ R(6×P ) is the allocation matrix,
which is a mapping between the propellers square spinning speeds and the generated wrench.
The allocation matrix can be separated into two sub-matrices:
Gw =

·
¸
Gw1
Gw2

where G w 1 ∈ R(3×P ) maps the square of the propeller spinning speeds to the force generated,
and G w 2 ∈ R(3×P ) maps to the moment generated. The rank of these matrices determine the
controllability of the platform. An hexa-rotor with all thrust vectors pointing in the same direction, unidirectional-thrust, will have rank(G w ) = 4, with rank(G w 1 ) = 1 and rank(G w 2 ) = 3. This
means that that particular platform can independently apply a torque in all directions, but can
only apply a force in one direction, resulting in an under-actuated vehicle. The platform used
here is a fully-actuated hexa-rotor, meaning rank(G w ) = 6
The platform has full rank for the G w matrix because of the way the propellers are placed. The
propellers are mounted on the platform in such a way that the z-axis of the propeller is rotated
with respect to the the body, resulting into thrust directions are non-unidirectional. A detailed
explanation is given in (Ryll et al., 2019).
We assume all interactions with the environment will be via the end-effector of the aerial
manipulator. The interaction wrench can be measured using and sensor placed at the endeffector. The wrench at the end-effector can be mapped to a wrench on the body using the
Jacobian:
w e = J E E (x)> w E E
(3.3)
where J E E (x) ∈ R(6+n)×(6+n) is the Jacobian which maps the velocities v to velocities at the endeffector, and w E E ∈ R6 is the external wrench applied at the end-effector.
Rewriting equation 3.1 to include equations 3.2 and 3.3 gives:
M(x)v̇ +C (x, v )v + g (x) = Gu + J E E (x)> w E E
·

where G =

Gw

0(n×P )

(3.4)

¸
·
¸
0(6×n)
(ωp ¯ ωp )
is the generalized allocation matrix, and u =
is the sysI (n×n)
τA

tem input
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4 Design
4.1 Controller
The task given to the system will be a pose for the end-effector, consisting of the position and
orientation of the end-effector frame in the world frame. This task will have to be translated
to the joint space in order to control the aerial manipulator. This can be done with the use of
inverse kinematics. The joint space task will than be translated into system inputs. A general
outline of the system is given in figure 4.1. The system can be divided into three parts: The first
part includes the trajectory generator and the controller. The second part is the inverse kinematics together with the redundancy resolution. The Third part is the quadratic programming
(QP) optimizer.
4.1.1 Quadratic programming optimizer
A QP-optimizer is used in order to obtain the set of system inputs that best achieve the desired
tasks. Let the set of desired tasks, desired system outputs, be denoted as y = [y 1 y 2 ... y m ]> ∈
Rm , hwhere m ∈ N is the inumber of tasks. The second order derivative of these tasks are given by
a=

d 2 y1 d 2 y2
dt2
dt2
?

...

d 2 ym
dt2

. The controller assumes that this is directly controllable by the virtual

input a :

a = a?

(4.1)

Using this assumption, the controller will be giving an a ? that will steer the tasks y along a
desired trajectory. In order for the controller to use the virtual inputs to steer the system, the
QP-optimizer should ensure equation 4.1 holds true as much as possible. This will be done by
solving the optimization problem:
minimize (a − a ? )>Wa (a − a ? )

(4.2)

u

where Wa ∈ R(m×m) is a positive definite diagonal matrix. This matrix holds the weights for
the optimizer, which can be used to define priorities among the tasks. One of the advantages
of this system is the possibility of adding or removing tasks to the system. Another advantage
is the possibility of adding hard constraints to the optimizer. Hard constraints are constraints
that can not be broken by the optimizer, in contrast to the soft constraints that are given by the
controller and inverse kinematics.
The tasks for the aerial manipulator will exist of the desired joint space configuration, aerial
platform position p B , orientation R B , and arm joint angles q a , a regularisation task for the

Trajectory
Generator

dp
EE
dv
EE
da
EE

Controller

uEE*
Gradient z
calculation

Inverse
Kinematics
&
Null-space
projection

uq*

QPoptimizer

JEE

M, C, g

u

Aerial
manipulator

x, v, wEE

Kinematics

Dynamics

Figure 4.1: Overview of the control system.
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propellers r p , and a task regulating the wrench at the end-effector w E E . The desired system
£
¤>
output is thus given by y = p B > R B > q a > r p > w E E > , and the corresponding time deriva¤>
£
tives are given by a = v˙B > ω˙b > v˙a > r p > w E E > . The first three tasks can be used to obtain
the desired pose at the end effector, and complete desired motions. The wrench task will be
used to compensate the external wrench.
The propeller regulation task r p tries to ensure that all the propellers deliver the same amount
of force. The goal of this tasks is to balance the forces delivered by the propeller, which will
avoid solutions which are unfavorable from an energetic viewpoint. In other words with this
task the optimizer will try to avoid solutions where some propellers speeds are close to the
lower limit, while other propellers are almost saturated. The task is defined as follow:
r p = D r p (ωp ¯ ωp )

(4.3)

where D r a ∈ R(p−1×p) is a matrix with 1 on the diagonal, -1 elements right above the diagonal,
end zeros elsewhere.
The tasks for the propeller regulation, and the aerial manipulator configuration can be expressed in terms of system inputs in the absence of the external wrench. Extending the system
£
¤>
input with the external wrench u 0 = u > w E E > allows for all tasks to be expressed in terms
of the outputs of the QP-optimizer. Using this extended input, and equations 3.4, and 4.3, a is
given by:
a = H (x)u 0 + h(x, v )
(4.4)
Where H (q) ∈ R(m×(P +n+6)) is the called the hessian of the QP-optimizer, h(x, v ) ∈ Rm is the bias
vector of the optimizer. H (q) and h(x, v ) are given by:


M(x)−1G M(x)−1 J E E (x)>

0(p−1×6)
H (x) =  D r p
(4.5)
0(6×(P +n))
1(6×6)
where D r a is extended with zeros.

M(x)−1 (−C (x, v )v − g (x)

0
h(x, v ) = 
0


(4.6)

Constraints are added to the optimization problem of 4.2, in order to obtain the desired behaviour. One of the constraints that is added to the QP-optimizer is the dynamic equation.
This will ensure that the solution to the minimization problem is dynamically feasible. Other
constraints will be the system input limits, these are the propeller spinning speed limits, and
the joint torque limits of the robotic arm. The outputs of the QP-optimizer are propeller speeds
and joint torques, this output can theoretically jump from one limit to the other in one optimization step. This is something that is not feasible to do for the real platform, the motors
don’t have limits of how fast they can accelerate/change the delivered torque. Because of this
it is desirable to also limit the rate of change of the output given by the optimizer. This can be
done by giving an additional constraint to the optimizer which limit how much the output can
change from one optimization step to the next.
In the presence of the given constraints it might be that a solution that guarantees equations
4.1 does not exist.In this case the optimizer will prioritize higher priority tasks, while relaxing
lower priority tasks. The priority of the tasks can be tuned by tuning the Wa matrix. The weights
of the optimizer will dictate how the aerial manipulator behaves.
Including the constraints in the optimization problem, the problem can be formulated as:
minimize
(a − a ? )>Wa (a − a ? )
0
u
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subject to:

M(x)v̇ +C (x, v )v + g (x) = Gu + J E E (x)> w E E

(4.7b)

ul ≤ u ≤ uu

(4.7c)

λl ≤ u̇ ≤ λu

(4.7d)

where λl ∈ R(P +n+6) is the limit on the rate of change of the system input. This is a constant
in this paper, but it can be a function of the current system input. In (Bicego et al., 2020) it is
explained why it is favourable to do make the propeller speed rate of change depended on the
spinning speed of the propellers, and how to determine the function experimentally.
4.1.2 Inverse kinematics and redundancy resolution
The platform configuration will be given to the QP-optimizer by the inverse kinematics. (see
figure 4.1) Because the system is redundant for a pose task at the end effector, there are an
infinite amount of possible solutions to achieve the pose task. In order to make the system
more predictable auxiliary tasks are given to the system which it should complete, as best as
possible, alongside the main task. These tasks are completed in the null-space. The null space
is the space in which the aerial manipulator can change configurations, while not influencing
the main task, for example the aerial manipulator can keep the end-effector in the same pose
while moving the platform around by exploiting the redundancy of the system.
The differential kinematics of the aerial manipulator can be written as: (De Luca, 2020)
u E E ? = J E E (x)u q ? + J˙E E (v , x)v

(4.8)

where u E E ∈ R6 is the vector of linear and angular accelerations of the end-effector given by the
controller, and u q ∈ R(6+n) are the joint accelerations needed, given the current joint velocities
v , in order to achieve the accelerations u E E . In order to obtain the desired joint accelerations
the equation can rewritten in the form:
³
´
u q ? = J E E † (u E E ? − J˙E E (v , x)v ) + I − J E E † J E E z
(4.9)
where J E E † represents the pseudo inverse of the Jacobian J E E , and z ∈ R(6+n) is an additional
virtual representing the auxiliary tasks. These auxiliary tasks will be projected into the null
¡
¢
space by the projection matrix I − J E E † J E E .
In this report the weighted pseudo inverse will be used:
¡
¢
J E E † = W −1 J > JW −1 J >

(4.10)

where W is the weight matrix. The weight is symmetrical and in this case also diagonal. Giving a
larger weight W i corresponding to a state variable x i means that the inverse kinematic solution
is less likely to use this state. This behavior will be used to have the platform of the aerial
manipulator be more likely to move than the arm. This makes the system more predictable for
the human cooperator. A larger weight is also given to the orientation of the platform, in order
to make it so that the platform does not want to pitch or roll.
For the redundancy resolution, the projected gradient method will be used. This method constructs a gradient function of desired tasks for the aerial manipulator and projects these into
the null space of the main tasks. The virtual input z given in equation 4.9 is the gradient function that will be projected into the null space. z will be determined by the following tasks.
1. Keep the platform horizontal: When in rest (v = 0), the most energy efficient configuration for the platform is when the pitch and the roll are both zero.(θ = 0, and φ = 0) This is
Mark van Holland

University of Twente

CHAPTER 4. DESIGN

9

because of the way the propellers are orientated, if the platform is horizontal all the propellers will have the same spinning speeds. The cost function corresponding with this
task will be given by H1
2. Minimize the joint angles of the robotic arm: Minimizing the joint angles helps with the
maximizing the range of possible movements of the arm and also keeps the joint angles
away form the joint limits as much as possible. The cost function corresponding with
this task will be given by H2
The gradient with these tasks can be written as:
z = −∇x H1 − ∇x H2 − K d v

(4.11)

where K d ∈ R(6+n)×(6+n) is a positive definite diagonal damping matrix. This last term is needed
to stabilize the self-motions in the null-space.
5 µ x − x¯ ¶2
X
1
i
i
H1 =
k1
2N i =4 x u,i − x l ,i
x

(4.12)

+x

with x¯i = u,i 2 l ,i ∈ R the middle point of the joint range, x u,i = −x l ,i ∈ R being the upper and
lower limit respectively, k 1 ∈ R is a gain factor, and N ∈ N is the total number of degrees of
freedom of the aerial manipulator.
NX
−1 µ x − x¯ ¶2
1
i
i
H2 =
k2
2N
x
−
x
u,i
l ,i
i =7

(4.13)

where k 2 is a gain factor. The gain factors can be used to tune how the system reacts to these
tasks.
4.1.3 Controller design
The desired end-effector accelerations u E E are calculated by the controller. The controller will
steer the system in such a way that the pose at the end effector follows the desired trajectory
given to the controller, by the trajectory generator. the controller can be described as follows:
uE E
with:
uE E1 = d aE E + K p2

³

d

·
¸
uE E1
=
uE E2

´
³
´
v E E − v E E + K p1 d p E E − p E E

(4.14)

(4.15)

where d a E E ∈ R3 , d v E E ∈ R3 , and d p E E ∈ R3 are the desired linear acceleration, velocity and
position of the end effector respectively, and K p 1 ∈ R(3×3) , and K p 2 ∈ R(3×3) are the controller
gains.
u E E 2 = d ω̇ + K ω2

³

d

´
ωE E − ωE E + K ω1 e R

(4.16)

with the orientation error e R defined as:
eR =

i
1h > d
R E E R E E −d R E>E R E E
∨
2

(4.17)

where d ω̇E E ∈ R3 , d ωE E ∈ R3 , and d R E E ∈ R(3×3) are the desired angular acceleration, velocity
and orientation of the end effector respectively, K ω1 ∈ R(3×3) , and K ω2 ∈ R(3×3) are the controller
gains, and []∨ represents the map from so(3) to R3 .
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The trajectory that the end-effector has to follow is given by the trajectory generator. The trajectory generator takes waypoint that the end effector will have to make, and designs a smooth
trajectory between these points. The waypoints are specified by a position and an rotation. The
rotation is described in the angle axis notation, meaning an axis is specified around which the
rotation should take place and an angle for how much it rotates around this axis. These waypoints are translated into a minimal jerk trajectory. The system outputs the linear and angular
accelerations and velocities, as well as the position and orientation at each time step.

4.2 Admittance filter
In addition to the controller an admittance filter is implemented into the system. This filter
will be used to make the system compliant to interaction with the human cooperator. The filter
will only be used for the translational domain, meaning it will not effect the orientation of the
system. This is shows that the filter can be applied to the translational and rotational domain
independently, which is useful when it is important when either the position or the orientation
needs to be unchanged. It is also possible to have the admittance filter act in both the translation and rotational domains. This filter will be placed in between the trajectory generator and
the controller as shown in figure 4.2
Given the desired trajectory of the trajectory generator in terms of position, velocity, and acceleration (d p E E , d v E E , and d a E E ), the corresponding set of variables (r p E E , r v E E , and r a E E )
can be generated by the admittance filter. The resulting trajectory is called the reference trajectory. This set of variables is then fed to the controller (see figure 4.2). The admittance filter is
characterized by the following dynamics:
³
´
³
´
³
´
M a d a E E − r a E E + D a d v E E − r v E E + K a d p E E − r p E E = −F E E
(4.18)
where M a ∈ R(6×6) is the apparent mass, D a ∈ R(6×6) is the apparent damping, and K a ∈ R(6×6)
is the apparent stiffness. These Matrices are all positive definite and can be tuned in order to
get different behaviors of the system. This will make the system behave like a mechanical mass
spring damper system, where the internal force is equal but opposite to the interaction force at
the end-effector. The output of the filter is given by:
³
´
³
´
r
a E E = d a E E + M a −1 D a d v E E − r v E E + M a −1 K a d p E E − r p E E + M a −1 F E E
(4.19)
The reference acceleration is integrated to get the reference velocity, and again to get the reference position.
It is not necessary for the apparent matrices to be linear, although for interaction with people
it might be beneficial for the mass to stay constant throughout the interaction. In this paper an
interaction space has been defined, where the filter will be active. In this space K a will be zero,
and the system will behave like a mass damper system. This will allow for the human cooperator to freely move the robot around in the space. When the robot moves out of this space, the
stiffness and the damping of the system will increase in order to push the robot back into the
interaction space. Figure 5.31 shows the interaction space in the simulation environment, the
space is marked by the transparent green area.

4.3 System overview
An overview of the complete system, admittance filter included, is shown in figure 4.2. The system consists of various sub systems which all have to work together to get the desired behavior
at the output. The behavior of the system can be tuned in different ways depending on the
desired behavior. A list of parameters that can be tuned (going from input to output) is:
• Trajectory generator:
Mark van Holland
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Figure 4.2: An overview of the total system.

–

d

v E E max : This is the maximum linear velocity of the trajectory.

–

d

a E E max : This is the maximum linear acceleration of the trajectory.

–

d

ωE E max : This is the maximum angular velocity of the trajectory.

–

d

ω̇E E max : This is the maximum angular acceleration of the trajectory.

• Admittance filter:
– M a : The apparent mass of the system as seen by the human cooperator.
– D a : The apparent damping of the system as seen by the human cooperator.
– K a : The apparent stiffness of the system as seen by the human cooperator.
• Controller:
– K p 1 : The proportional gain on the translational part of the controller.
– K p 2 : The differential gain of the translational part of the controller.
– K ω1 : The proportional gain on the rotational part of the controller.
– K ω2 : The differential gain of the rotational part of the controller.
• Gradient calculation:
– k 1 : Gain for the platform orientation task.
– k 2 : Gain for the center arm task.
• Inverse kinematic and null space projection:
– W : The weighting factor for the pseudo inverse Jacobian.
• Quadratic programming optimizer:
– Wa : Weights of the tasks.
– λ: Limit on the rate of change of the output.
In addition to these parameters additional tasks can be added to the gradient calculation, and
additional tasks and constraints can be added to the QP-optimizer.
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Note that the limits on the accelerations and velocities in the trajectory generator only apply on
the trajectory outputted by the trajectory generator. It is still possible, due to a force on the end
effector, for the admittance filter to give a reference trajectory which has higher accelerations
and velocities then the before mentioned limits.
Because the real system will not be able to use torque control for the arm, the joint torques will
be translated into joints positions. This will be done by using forward Dynamics in order to get
the joint accelerations, which will be integrated twice to get the desired joint positions of the
arm. The forward dynamics equations is given in equation 3.4
The forces and the torques on the end effector can be measured like done in (Nava et al., 2020),
where a force/torque sensor is placed at the end effector in order to measure the forces. Another possibility is to use a wrench estimator like in (Ryll et al., 2019). In this report a force
torque sensor is used in order to measure the forces and the torques on the end effector. The
main for this is the ease of implementation of a force/torque sensor in the simulation.
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5 Simulation and Results
The Aerial manipulator considered will be the FiberTHex (see figure 3.1). This is an fully actuated hexa-rotor equipped with a three DoF robotic arm. The dynamics of the aeial manipulator
will be simulated using the Gazebo simulator. (Koenig and Howard, 2004) A model of the aerial
manipulator is described in the URDF file format. This model includes the joints at the rotors
and at the robotic arm joints. Using Genom3 (Foughali et al., 2018) the rotors can be controlled
by Matlab/Simulink (MAT, 2020), the propellers can be controlled using the angular rates. The
robotic arm will be controlled using the controlboard plugin of YARP (Metta et al., 2006) This
plugin simulates an PID controller with motors for the joints of the arm. This plugin is able to
accept joint torques, velocities, or positions, and is able return joint velocities, and positions.
The state of the robot will also be obtained using YARP.
The controller will be running in Matlab/Simulink. The pose of the base, and its velocities are
obtained from YARP, as well as the joint positions and velocities of the arm. The controller will
calculate the required angular rates for the propellers and joint positions, which will be sent to
Gazebo using Genom3 and YARP respectfully.
In order to apply forces on the system during simulation, a controller plugin is used. This plugin
allows the user to move a joystick, which will exert a force on the system. The user is also able
to change the amount of force applied by using the D-pad on the joystick, in order to increase
and decrease the force. The forces created using this plugin will be applied to the end-effector
of the aerial manipulator.
In order to test the system, it will first be tested without the admittance filter. This will show how
well the whole body controller works. After this the admittance filter will be added and tested,
to see the behavior of the whole system. Lastly the robustness of the system will be tested. The
parameters of the system are given in table 5.1. The upper and lower limits of the propeller
speeds are 16H z and 100H z respectfully. The joint limits for the first joint are −45◦ , 45◦ , for the
second joint −90◦ , 90◦ and for the third joint −105◦ , 90◦ .

5.1 Controller simulations
5.1.1 Trajectory
First the ability of the controller to follow a trajectory will be tested. During this test no forces
will be applied to the system. The trajectory represents a pick and place like motion. The endeffector will move to (1, 0, 1) where it will move to the ground in order to "pick up" something,
after this it will move to (−2, 3, 1), where it will "place" the object.
The results are show in figures 5.1 to 5.4. Figure 5.1 shows the state of the system, this plot
shows the platform is horizontal for the complete trajectory. Figure 5.2 shows the pose of the
end effector together with the trajectory of the trajectory generator. (The desired trajectory.)
This shows the end-effector is able to follow the trajectory. In the lower plot it can be seen
that the orientation deviates from the desired when the orientation needs to change. Figure 5.3
shows the error in the position and in the orientation of during the simulation. The position
error is smaller then 5mm while following the trajectory, and the orientation error is smaller
then 5◦ . Figure 5.4 shows the system inputs sent to Genom3 and YARP. The upper plot shows
the propeller speeds will be between 65 and 80H z when no forces are applied to the system.
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Table 5.1: System parameters during simulations

Parameter
d
v E E max
d
a E E max
d
ωE E max
d
ω̇E E max
Ma
Da
Ka
K p1
K p2
K ω1
K ω2
k1
k2
W
Wa
λ

Value
0.8
0.4
20
10
Cartesian mass
3
5
20
10
20
10
100
70
blckdiag([1 1 1 10000 10000 10000 1000 1000 1000])
blckdiag([8 0.1 0.8 0.0001 10])
[0.1296 0.1]

Figure 5.1: System state during trajectory simulation. The first plot shows the position of the base, the
second plot the orientation of the base in roll, pitch, and yaw. The third plot shows the joint positions of
the arm joints.
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Figure 5.2: End-effector position during trajectory simulation. The first plot shows the position of the
end-effector, solid line, together with the desired position, dashed line. The second plot shows the orientation of the end-effector, solid line, together with the desired orientation, dashed line.

Figure 5.3: error of the end-effector pose during the trajectory simulation. The first plot shows the
position error, and the second plot the orientation error.
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Figure 5.4: System inputs during trajectory simulation. The First plot shows the angular rates of the
propellers, and the second plot shows the joint torques.

5.1.2 Hovering simulation
During the hovering test, the end-effector is asked to go to (0, 0, 1), and keep the end effector
orientations identity. During this simulation a force is applied to the end-effector in order to
see what the system can handle.
The results of the hovering simulation are shown in figures 5.5 to 5.8. Figure 5.5 shows the
system state, figure 5.6 shows the pose of the end-effector (solid line), and the desired pose of
the end-effector (dashed line), figure 5.7 shows the interaction wrench on the end-effector, and
figure 5.8 show the inputs to the system with the input limits.
Looking at figures 5.6 and 5.7, it can be seen that when the force on the end-effector is 6N , in
x or y-direction, the error increases. Figure 5.8 shows this is when some of the propellers are
saturated.
When the system is pushed with 6N the QP-optimizer will relax the constraints on the lower
priority tasks to satisfy the higher priority ones, this effect can be seen in the results. The highest priority task beside the propeller legalization, is the orientation of the platform. While the
platform rotates more than 10◦ (see figure 5.5) the roll and the pitch of the system remain close
to zero, this is also partly because of the redundancy resolution.
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Figure 5.5: System state during hovering simulation. The first plot shows the position of the base, the
second plot the orientation of the base in roll, pitch, and yaw. The third plot shows the joint positions of
the arm joints.
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Figure 5.6: End-effector position during hovering simulation. The first plot shows the position of the
end-effector, solid line, together with the desired position, dashed line. The second plot shows the orientation of the end-effector, solid line, together with the desired orientation, dashed line.
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Figure 5.7: Wrench on the end-effector during hovering simulation. The first plot shows the measured
forces, the second plot shows the measured torque.
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Figure 5.8: System inputs during hovering simulation. The First plot shows the angular rates of the
propellers, and the second plot shows the joint torques.
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5.1.3 Orientation trajectory
During the orientation trajectory simulation, the end-effector is asked to go to (0, 0, 1), and keep
this position, while changing the orientation. The redundancy is trying to have the joint angles
as far from the joint limits as possible, the effect of this can be seen in figure 5.9. Joint three has
a larger angle than joint two, this is because the limit of joint three is at −105◦ , while the joint
limit of joint two is at −90◦ . The angles in figures 5.9, and 5.10 are mapped between −180◦ and
180◦ , this wrap around can be seen in both figures.

1
0.5
0
0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

200

0

-200

0
-20
-40
-60
40

50

60

70

80

90

100

Figure 5.9: System state during orientation trajectory simulation. The first plot shows the position of the
base, the second plot the orientation of the base in roll, pitch, and yaw. The third plot shows the joint
positions of the arm joints.
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Figure 5.10: End-effector position during orientation trajectory simulation. The first plot shows the
position of the end-effector, solid line, together with the desired position, dashed line. The second plot
shows the orientation of the end-effector, solid line, together with the desired orientation, dashed line.
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Figure 5.11: Wrench on the end-effector during orientation trajectory simulation. The first plot shows
the measured forces, the second plot shows the measured torque.
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Figure 5.12: System inputs during orientation trajectory simulation. The First plot shows the angular
rates of the propellers, and the second plot shows the joint torques.
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5.1.4 Trajectory with disturbance
This simulation is the same as the Trajectory simulation, only this time force will be applied
to the end-effector. These forces will be applied with a maximum amplitude of 3N in x, y,
or z-direction. The forces will be applied between the "pick up" and the "place" parts of the
trajectory.
The results of the third test are shown in figures 5.13 to 5.18. Here the velocity of the endeffector is included, figure 5.15, to show how the velocity setpoints of the trajectory generator
are followed. This plot shows that the velocity of the platform follows the velocity of the trajectory generator when there is no force on the end-effector. When there is interaction with the
end-effector, the velocity changes, but still average around the trajectory velocity. The tracking
error is shown in figure 5.16, this shows that the system is able to track the position with an
accuracy of 6cm when forces are applied at the end effector. The orientation of the end effector
can be tracked with an accuracy of 9◦ with disturbance.

Figure 5.13: System state during Trajectory with disturbance simulation. The first plot shows the position of the base, the second plot the orientation of the base in roll, pitch, and yaw. The third plot shows
the joint positions of the arm joints.
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Figure 5.14: End-effector position during Trajectory with disturbance simulation. The first plot shows
the position of the end-effector, solid line, together with the desired position, dashed line. The second
plot shows the orientation of the end-effector, solid line, together with the desired orientation, dashed
line.

Figure 5.15: End-effector velocities during Trajectory with disturbance simulation. The first plot shows
the linear velocity of he end-effector, solid line, and the desired linear velocity, dashed line. The second
plot shows the angular velocity of the end-effector, solid line, and the angular desired angular velocity,
dashed line.
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Figure 5.16: error of the end-effector pose during the Trajectory with disturbance simulation. The first
plot shows the position error, and the second plot the orientation error.

Figure 5.17: Wrench on the end-effector during Trajectory with disturbance simulation. The first plot
shows the measured forces, the second plot shows the measured torque.
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Figure 5.18: System inputs during Trajectory with disturbance simulation. The First plot shows the
angular rates of the propellers, and the second plot shows the joint torques.
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5.1.5 Zero motions
The zero motions simulation shows how the redundancy resolution can move the system without interfering with the main objective of the end-effector pose. An additional term is added
to the redundancy gradient calculation, to let the platform x-position move sinusoidal. The
results of the forth test are shown in figures 5.19 and 5.20. The pose changes within a range of
2cm and within 0.02◦ while the platform moves in total 18cm from side to side.

Figure 5.19: System state during zero motions simulation. The first plot shows the position of the base,
the second plot the orientation of the base in roll, pitch, and yaw. The third plot shows the joint positions
of the arm joints.

Figure 5.20: End-effector position during zero motions simulation. The first plot shows the position of
the end-effector, solid line, together with the desired position, dashed line. The second plot shows the
orientation of the end-effector, solid line, together with the desired orientation, dashed line.
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5.2 Including the admittance filter
5.2.1 Mass spring damper simulation
During this simulation the system will tasked to do the same thing as in the hovering test, but
this time the admittance filter is active. Forces will be applied to the end effector and the system
should behave like a mass-spring-damper system.
The results of this test are shown in figures 5.21 to 5.25, where figure 5.23 shows the reference
position, velocity, and acceleration from the admittance filter (solid line), with the desired position, velocity, and acceleration from the trajectory generator (dashed line). Notice that the
reference velocities, and accelerations can be larger than the maximums defined in table 5.1.
The mass spring damper parameters form an under damped system. In figure 5.22 (and figure
5.24) you can see that when the force on the end-effector is 6N the position of the end effector
deviates from the reference position, and also the orientation deviates from the reference. This
again corresponds to some of the propellers being saturated. (figure 5.25)

Figure 5.21: System state during mass spring damper simulation. The first plot shows the position of
the base, the second plot the orientation of the base in roll, pitch, and yaw. The third plot shows the joint
positions of the arm joints.

Robotics and Mechatronics

Mark van Holland

28

ms2021 Mark van Holland report

Figure 5.22: End-effector position during mass spring damper simulation. The first plot shows the position of the end-effector, solid line, together with the desired position, dashed line. The second plot
shows the orientation of the end-effector, solid line, together with the desired orientation, dashed line.

Figure 5.23: The position, velocity, and accelerations given by the admittance filter, solid line, Together
with the position, velocity, and acceleration from the trajectory generator, dashed line, during the mass
spring damper simulation.
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Figure 5.24: Wrench on the end-effector during mass spring damper simulation. The first plot shows
the measured forces, the second plot shows the measured torque.

Figure 5.25: System inputs during mass spring damper simulation. The First plot shows the angular
rates of the propellers, and the second plot shows the joint torques.
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5.2.2 Admittance trajectory
During the admittance trajectory simulations, the system will follow the same trajectory as in
the trajectory simulation. This time the admittance filter will be active, and interaction forces
will be applied to the end-effector.
The results of this test are shown in figures 5.21 to 5.25. Again, the interaction force is applied
between the pick and the place parts of the trajectory. In figure 5.28 the output of the admittance filter, and the trajectory generator are show. This plot shows that the reference position
changes around the desired position, because of the applied force. This is also the case for the
velocity and acceleration, but the changes here are more extreme.

Figure 5.26: System state during admittance trajectory simulation. The first plot shows the position of
the base, the second plot the orientation of the base in roll, pitch, and yaw. The third plot shows the joint
positions of the arm joints.
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Figure 5.27: End-effector position during admittance trajectory simulation. The first plot shows the
position of the end-effector, solid line, together with the desired position, dashed line. The second plot
shows the orientation of the end-effector, solid line, together with the desired orientation, dashed line.

Figure 5.28: The position, velocity, and accelerations given by the admittance filter, solid line, Together
with the position, velocity, and acceleration from the trajectory generator, dashed line, during the admittance trajectory simulation.
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Figure 5.29: Wrench on the end-effector during admittance trajectory simulation. The first plot shows
the measured forces, the second plot shows the measured torque.

Figure 5.30: System inputs during admittance trajectory simulation. The First plot shows the angular
rates of the propellers, and the second plot shows the joint torques.
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5.3 Interaction space
During the interaction space simulation the aerial manipulator will be tasked to fly into the
interaction space, where it will switch profile in the admittance filter. The end-effector should
remain in the interaction area, where it can be freely moved around by the human operator,
when the end-effector is pushed outside the interaction space, the system will push it back
into the area. The interaction space is represented by the transparent green area in figure 5.31.
corners of the space in (x, y)-coordinates, starting from the one closest to the origin and going
counterclockwise, are: (0, 2), (3, 2), (3, 4), (2, 4), (2, 3), and (0, 3) and in the z-direction the space is
between 1.5 and 2.5.
Looking at figure 5.33 it can be seen that when the end-effector moves beyond the boundaries
at 19s the system moves back into the interaction zone. Also moving the system inside the
interaction space makes the reference position move with the system.

Figure 5.31: Screenshot from the interaction environment within gazebo. The transparent green area
represents the interaction space
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Figure 5.32: System state during interaction space simulation. The first plot shows the position of the
base, the second plot the orientation of the base in roll, pitch, and yaw. The third plot shows the joint
positions of the arm joints.
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Figure 5.33: End-effector position during interaction space simulation. The first plot shows the position
of the end-effector, solid line, together with the desired position, dashed line. The second plot shows the
orientation of the end-effector, solid line, together with the desired orientation, dashed line.
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Figure 5.34: Wrench on the end-effector during interaction space simulation. The first plot shows the
measured forces, the second plot shows the measured torque.
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Figure 5.35: The first figure shows the box plot of the Monte Carlo simulations with the resulting position
error for the different conditions k. The second figure shows the box plot of the Monte Carlo simulation
with the resulting orientation errors for the different conditions k. The last plot shows the number of
unstable trails for the different conditions k.

5.3.1 System robustness
In order to test the robustness of the system a Monte Carlo simulation is performed. In this simulation, different parameters can vary with around the value known by the controller. The variations are a Guassian distribution around the known value. For the mass of the body the standard deviation is: σ1 = 0.01, meaning 68% of the masses are within 0.01kg of the known value.
The other masses have a standard deviation of: σ2 = 0.005. The positions of the arm joints
and propellers can have a standard deviation of σ3 = 0.01, their orientation have a standard
deviation of σ4 = 0.015. All inertias have a standard deviation of 5% of their original value. During these simulations noise will be added to all measurements, system state, force and torque
measurements.
During the simulation the admittance filter is not active, and no interaction forces are applied.
The system is tasked to fly in a circle, and change the orientation to 45◦ , and then to −45◦ . This
simulation will be run 25 times and in every run the above mentioned parameters are changed.
This simulation is ran two times, ones with the above mentioned standard deviations, and once
with three times as large standard deviations. A simulation where the controller model is exactly the gazebo model is used as basis.
Figure 5.35 shows the results of the Monte Carlo simulation. The different conditions are given
by k[σ1 σ2 σ3 σ4 σ5 ] with k = [0 1 3]. These conditions represent varying degrees of modeling
uncertainties. As can be seen in figure 5.35 when the uncertainty increases, so does the error
and the number of unstable trails. The controller is able to handle modeling errors correlating
to the first condition. Here the position error is still within 1cm.
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6 Discussion
6.1 Controller simulations
The results of the hovering and orientation trajectory simulations show that the system is able
to hold the end-effector at the desired pose, when the forces at the end-effector do not exceed
5N . Looking at the system inputs 5.8 shows this is because from this moment the propellers
will saturate when more force is applied. This plot also shows that the constraints in the QPoptimizer on the propeller limits will not be violated by the system, making these hard constraints. The optimizer can however violate the tasks, it sacrifices the platform position to keep
the platform orientation for example (see figure 5.6), given to the QP-optimizer.
One thing to note about how the robotic arm is controlled is that while the QP-optimizer can
ask for certain joint torques, the arm is position controlled. There is a position controller (the
YARP controlboard plugin) which can only give a limited rate of change of the torque on the
arm. Tuning the λ value in the QP-optimizer can make the QP the limiting factor on this rate
of change. Doing this will ensure that what the QP-optimizer thinks the system does, is indeed
what the system does.
The redundancy resolution tries to keep the joint angles from reaching its limits, and it tries
to keep the platform horizontal. Figure 5.5 shows that the platform does not tilt more than 5◦ ,
in roll and in pitch, even when some of the propellers are saturated, see figure 5.8. That the
redundancy resolution keeps the joint angles as much from the joint limits as possible can best
be seen in figure 5.9, here the angle required to complete the task is split over the last two joint
angles. It allows joint three to bend more that joint two, because the joint limit of the former is
farther away. (−105◦ vs. −90◦ )
The ability of the redundancy resolution to change the configuration of the aerial manipulator can best be seen in zero motions simulation. Where the redundancy resolution wants to
change the x-position of the platform sinusoidally. Figures 5.19 ans 5.20 shows the platform
moving both in x and in y, while the position of the end-effector stays within 2cm of the desired position. Also the orientation of the end-effector orientation stays within 1◦ , while the
rest of the system moves.
The results of the trajectory with disturbance simulation show that the system is able to stay
within 6cm of the desired position, as long as the disturbance is not larger than the earlier established 5N , where the propellers begin to saturate. When there is no disturbance, the system
is however able to track the position with an average error of maximal 0.5cm, see figure 5.3,
and peak errors of maximal 4cm during startup as seen in figure 5.16. The orientation of the
end-effector can be tracked with a maximum error of 9◦ .

6.2 Including the admittance filter
Including the admittance filter in the control loop, made the system behave differently. During
the mass spring damper simulation, the admittance filter was tuned as stated in table 5.1, this
made the aerial manipulator act like an under actuated mass spring damper system. The can
best be seen in figures 5.22 and 5.23. These plots show that the reference position (admittance
filter output) changes while the desired position (trajectory generator output) stays constant.
As seen in figure 5.22 together with figure 5.24, when the disturbance on the system increases
above 5N the position of the end effector will not follow the reference position anymore, but
it still shows similar behavior. The orientation tracking during this large disturbance becomes
worse with the admittance filter, see figure 5.6.
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The admittance trajectory simulation shows that the admittance filter will still follow the desired trajectory, but will change around this trajectory according to the forces on the system.
This can best be seen in figure 5.28, in the position plot. This plot shows the reference and the
desired trajectory are the same if no forces are applied to the system, but when there is a force
on the end-effector, the two will deviate. This shows that the admittance filter will not interfere
with the trajectory from the trajectory generator, but it will impose compliant behavior while
still following the trajectory.
The interaction space simulation shows how an interaction space can be defined in the admittance filter. The admittance filter will allow the aerial manipulator to be freely moved within
the space, but once it leaves the space the admittance filter will pull the aerial manipulator back
in. This can be seen in figure 5.33, where the system is moved around in the space and does
not move back to its original position. The same plot also shows when the end-effector leaves
the interaction space, it is pulled back into the space. This means that the system is compliant,
and can be freely moved by the human inside the interaction space, while still trying to keep
the end effector inside the interaction space.
The interaction space used in the simulation is an example of how the admittance filter can be
used to get a certain behavior out of the system. The interaction space could for example also
be made into a long rectangular space with a small height. This could allow for cooperatively
transporting objects between the human and the aerial manipulator. As the aerial manipulator
can not go down outside the interaction space it can carry a load, while the human can still
make the aerial manipulator move from side to side to avoid objects.
The Monte Carlo simulation shows that the system is able to handle modeling uncertainties to
some degrees. The relative (x, y, z) positions for example can vary 1cm(for 68% of the cases)
around the actual values, and the system will still be able to handle it with an error of 10cm.
The problems only arise when the error starts to increase.
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7 conclusion
The goal of this report is to design a controller which will allow for human-aerial manipulator
interaction. In order to achieve this goal a full pose controller is designed, which will take a
desired pose of the end-effector and will send control signals to the propellers and robotic arm
in order to reach this pose. The system will also have to be compliant in order for it to cooperate
with the human cooperator in a natural way. The aerial manipulator used in this paper is the
FiberTHex. This a fully actuated hexa-rotor, which is equipped with an 3 DoF robotic arm. This
gives the aerial manipulator 9 DoF which is redundant for the pose task of the end effector.
In order to achieve this goal, a full pose controller is designed with an admittance filter to give
the compliant behavior to the system. The admittance filter takes the desired trajectory of the
trajectory generator and the forces measured at the end-effector, in order to shape the trajectory such that the system is compliant to the human cooperator. The full pose controller
has three main parts: The first part is the PD-controller with feed-forward, which will take the
position, velocity, and acceleration of the admittance filter in order to control the end effector
position and orientation. This controller will output the desired linear and angular acceleration
of the end effector. The second part is the inverse kinematics part. This will take the accelerations of the controller and translate the end-effector accelerations to joint space acceleration.
Because the aerial manipulator is redundant, redundancy resolution is also used to give more
predictable behavior to the system. The redundancy resolution is done using the projected gradient method. The third part is the QP-optimizer, this will take the joint space accelerations,
and together with other tasks will calculate the propeller speeds and joint torques needed to
best achieve the desired task. The QP-optimizer also imposes hard constraints on the outputs
of the system.
In the end they system designed in this paper was able was able to control the pose of the end
effector with a maximum error of 6cm and 9◦ with an interaction force, and an error of 0.5cm
and 5◦ without disturbance. This error will increase if the sideways interaction force goes above
5N , as from this point some propellers will start to saturate. The admittance filter was able to
make the system compliant to the human cooperator. Defining an interaction space in the
admittance filter allowed for the end-effector to be placed freely in the space by the human,
and once the end-effector leaves the space it would be pulled back into it by the admittance
filter.
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8 Recommendations
The admittance filter can ask for infinitely high accelerations, and velocities, which the aerial
manipulator can not do. Because of this it can be useful to limit the accelerations, and velocities
the admittance filter can ask for. It can also be investigated to see if the admittance filter can
be used to improve the stability of the system. As the system is now, higher interaction forces
can make the system go unstable, because the propellers saturate. Using the admittance filter
to change the reference trajectory with the force in such a way to keep the propellers from
saturating might make the whole system more robust against disturbances.
As was shown in the interaction space simulation, an interaction space can be defined where
the aerial manipulator can interact with the human cooperator. One might investigate if this
can also be used to do obstacle avoidance, by excluding regions around obstacles from the
interaction space.
The controller now runs on a separate computer using MATLAB/Simulink. The speed of the
system can be increased by making the controller run in C++. This will also allow the controller
to run on the aerial manipulator itself, which would eliminate the need of running a cable from
the aerial manipulator to an off-board computer. This will give the system more freedom of
movement as it is no longer restrained by the cable.
In order to measure the interaction forces at the end-effector, a force torque sensor can be used.
This however adds weight to the aerial manipulator, and extra wiring. Because of this it would
be beneficial to measure the interaction force using the sensors already on the platform. One
way of doing this would be to design a wrench observer, which can estimate the wrench at the
end-effector using the already available sensor data.
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