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ABSTRACT

Abstract— The main contribution of this paper
is the tuning of an admittance controller on a
compact, fully-actuated, multirotor Unmanned
Aerial Vehicle (UAV) for the purpose of achiev-
ing optimal, intuitive, physical human drone in-
teraction (PHDI). The controller permits a hu-
man to physically translate and rotate the UAV in
flight while minimizing reaction forces and mo-
ments. Being a fully-actuated UAV allows the
translation and rotation to be decoupled. The
performance of the admittance controller was
validated through simulations and experimen-
tal testing; optimal reaction forces of 0.7% and
1.3% of the UAV’s weight were achieved for
translation in the horizontal axis in simulations
and free flight tests, respectively.

1 INTRODUCTION

The prevalence of physical human drone interaction
(PHDI) has been rising in recent years due to their importance
in various applications such as search and rescue [1], aug-
mented drone ball sports [2], assisting the visually impaired
[3], and enhancing the virtual reality (VR) gaming experience
through haptic feedback [4]. Literature focused on physical
or touch based interaction with UAVs improves knowledge of
different techniques used to estimate the external forces and
torques applied to the UAV during an interaction, and con-
trollers which regulate the UAV’s resultant behavior.

The performance of PHDI can be influenced by the UAV
rotor configuration. Underactuated UAVs are categorized as
having less actuators than the number of degrees of freedom
(DoF). They are widely accessible and simply constructed,
however, have coupled rotational and translational dynamics.
The intrinsic underactuation of such conventional quadrotors
may inhibit the PHDI performance and cause safety concerns
[5]. Existing studies have explored PHDI with underactuated
UAVs such as use of small quadcopters that act as haptic-
input devices for greater immersion of the user in a VR game
[4]. Similarly, Braley et al. [6] investigated stackable nano-
copters which can be physically deformed by the user for the
purpose of representing voxel grids for 3D spatial transfor-
mations. Underactuated UAVs are suitable for PHDI when
they are required to be small, compact, inexpensive, and for
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Figure 1: User physically interacting with a multirotor UAV

a swarm. However, interactions that lack intuition can re-
sult due to their coupled translational and rotational dynam-
ics, such as for a safe-to-touch quadcopter built by Abtahi et
al. [7].

An opportunity exists to exploit the capabilities of fully-
actuated UAVs for PHDI, where the translational and rota-
tional dynamics are decoupled. Improved omni-directional
motion and agility are key advantages of fully-actuated UAVs
over their underactuated counterparts [8]. In a wider context,
research into physical drone interactions have been conducted
on a fully-actuated drone [9], and the ability to independently
control the linear and angular accelerations allowed for pre-
cise interactions with static objects to be made.

Admittance control has been widely used in human robot
interaction applications for generating compliant trajectories
such as stabilized stair climbing for humanoid robots [10] and
control of a robotic exoskeleton [11]. Augugliaro et al. [12]
demonstrated the ability of an admittance controller to adjust
a quadcopter’s reference trajectory to comply with an inter-
action. This indicates the merit of extending research into
using admittance control to regulate the behavior of a fully-
actuated UAV during interaction. An admittance controller
seeks to make the closed loop behavior of the UAV match
a mass-spring-damper system using the estimated external
wrench during the interaction. The admittance controller pa-
rameters, mass, spring, and damping, can be tuned intuitively
based upon the behavior desired from the UAV, as shown in
[13]. Rajappa et al. [5] simulated use of admittance control
to regulate the behavior of a fully-actuated hexarotor. To the
best of the authors’ knowledge, this is the only study in lit-
erature currently that explores the use of admittance control
for a fully-actuated UAV in the area of PHDI. The work in
this paper differs as the concept was experimentally tested
and optimized. The hexarotor in [5] was able to translate to
a new position with minimal changes to its attitude; hence
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showcasing the dexterity of a fully-actuated UAV in PHDI. A
force sensor ring was installed on the UAV to perform exter-
nal wrench estimation. Due to the potential loss in flight time,
added weight, and power consumed, additional hardware is
not a practical option for interaction wrench detection in this
research. Software based methods of interaction detection to
estimate the external wrench could, therefore, be more appro-
priate. These include an approach proposed by Tomic et al.
[14] where a hybrid momentum-acceleration-based estimator
was used by exploiting onboard sensors.

The work conducted in this paper involves the tuning of
an admittance controller for regulating the behavior of a fully-
actuated, stacked, fixed-tilt, octorotor during physical interac-
tion. The performance of the controller is validated in simula-
tion and experiments for multiple translational and rotational
axes. Additionally, simulations and optimization in the roll-
axis showcase the unique capability of a fully-actuated UAV
to station keep at a non-zero roll angle after interaction, al-
lowing its use in a greater range of applications.

2 MULTIROTOR UAV MODEL

The fully-actuated multirotor used in this study is based
on the octorotor in [15], featuring a compact, stacked rotor
design (Figure 2). It has a flying mass of 985g and hover time
of 14 minutes. To achieve safe and effective PHDI, an inter-
action frame and propeller guards were designed and attached
onto the UAYV, pictured in Figure 3. The added frame results
in an additional 280g in the UAV’s mass; a total flight mass
of 1265g. The safety and mechanical design requirements of
the interaction frame achieved are: a minimum clearance of
20 mm between the added features and the rotor blades, and
a minimum clearance of 200 mm between the handle and the
rotor blades. The position vector is defined as & = [z, y, 2]
and the rotational vector is expressed using the Euler angle
conventions of n = [¢, 0,], corresponding to roll, pitch,
and yaw, respectively.

.‘o =

Figure 2: Schematic of stacked multirotor and configuration
of tilted rotors about the orthogonal axes

For the purpose of the work conducted in this paper, all
external forces measured are assumed to be from the human
interaction and disturbances, such as wind, are negligible.
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Figure 3: PHDI setup with a fully-actuated stacked multiro-
tor and the designed interaction frame based on the concept
from [15]. Subscripts b and ¢ denote body and inertial frames,
respectively.

3 CONTROL SYSTEM ARCHITECTURE

The control system architecture design, as shown in Fig-
ure 4, consists of five main components:

1. The standard cascaded P-PID controllers of the PX4
firmware, namely position and attitude controllers,
which provide position/velocity and angle/angular rate
control, respectively.

2. The motor mixer which produces the motor setpoints
in the form of PWM signals.

3. Human external wrench from the physical interaction
(femt and Temt)~

4. An external wrench estimator, based on the one used by
Tomic¢ et al. [14], which takes in the measured accel-
eration (fmeas) and angular velocity (1meqs) to esti-
mate the forces and moments, fe and 7, respectively,
applied by the human during the interaction. The esti-
mator utilizes a hybrid momentum-acceleration-based
approach, together with the onboard inertial measure-
ment unit (IMU) and the UAV’s dynamics model to
provide wrench estimation.

5. The admittance controller, which takes in the estimated
wrench and calculates new position and attitude set-
points, £sp,ac and Msp,ac, which provide refer-
ences for the subsequent controllers.

3.1 Admittance Controller

Admittance controllers are commonly used in human-
robot interactions to achieve compliant trajectories based on
the applied interaction forces and moments. A second order
mass-spring-damper system is used to describe the desired
characteristics of the closed-loop position and attitude con-
trol systems.

Equation 1 represents the desired closed-loop system dy-

namics: N m > [ ,ﬂ . [ﬂ _ [f} M

Te
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Human external wrench
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Figure 4: Control system architecture

where

M = diag {mx my M, Mg Mg mw},

C = diag {cx Cy C; Cy Co cw},

K= diag {km ky kz k¢ kg kw},

fe = diag {fe,x fe,y fe,z fe,d) fe,e fe,w}a

Te = diag {Te,m Te,p Te,0 Te,w}'
M,C, K, fe, Te correspond to the mass, damping, spring,
and estimated force and moment matrices, respectively. Note
that the parameters in the y and pitch axes have been set as
equal to the corresponding x and roll axes, respectively, as
similar behavior is expected. As the objective is to reduce the
experienced reaction wrench from the UAV, K has been set to
the zero matrix to enable passive accommodation control; this
has been seen in similar studies involving admittance control
for human UAV interactions [16].

The output of the admittance controller is a vector of set-
points, therefore the control laws for the position and attitude
are Equations 2 and 3, respectively.

Te,y 7_6,2

fe(s)
€sp,ac(s) = Ms? 1+ Cs 2)
- 7'6(3)
nsp,ac(s) = M2+ Cs (3)

4 SIMULATION
4.1 Simulation Model

From Figure 4, the simulated multirotor models the frame
and each rotor as independent rigid bodies. Aerodynamic
forces are limited to quasi-steady thrusts and torques acting at
each rotor; aerodynamic forces due to UAV motion through
still air are ignored. The human external wrench is modeled
using a human external wrench emulator. For the force emu-
lator, this takes an input of the UAV’s final position, £ , and
duration of interaction, ¢4, as specified by the user. The ref-
erence acceleration profile, fre f » is computed as shown in
Equation 4. As shown in Equation 5, a PID controller, C/(s),
acts on Eg(s), the difference between the reference, &reyt ,
and the actual position, &,,eqs, and outputs the simulated ex-
ternal forces, feqt, to be applied to the multirotor plant. The
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moment emulator follows the same method to simulate exter-
nal moments, Tegt.

bresls) = @
d
.feact = C(S)E&(S) ©)

In order to achieve PHDI, the external wrench must be
estimated accurately. The estimated forces and moments are
compared against the output of the human emulator. Figures
5(a) and (b) illustrate the wrench estimator and human emu-
lator comparison for the  and roll axes, respectively. In both
cases, the estimated forces and moments appear to follow the
emulated profiles, thus, the estimator appears to accurately
estimate the forces and moments. A deviation is observed in
the second half of moment estimation in Figure 5(b). This
could be attributed to tuning of gains required for the magni-
tude of the moments to match.
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Figure 5: External wrench estimation performance for (a) x-
axis and (b) roll-axis
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Figure 6: Parameter sweep of m, and c,, values for (a) a 1m x-axis drag and mg and ¢ for (b) a Sdeg roll-axis drag simulations
to optimize for minimal RMS reaction force and moment, respectively, during interaction. Red circle indicates the optimal point

for each of the parameter sweeps.
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Figure 7: Relationship between changing c, with RMS reaction force for (a) a Im x-axis drag and c4 with RMS reaction
moment for (b) a Sdeg roll-axis drag simulation at optimal m, and m of zero

4.2 Test Procedure

The work in this paper focuses on a drag interaction which
involves specifying a final displacement, £¢ and 7, for the
UAV to reach at the end of the interaction, and begins and
ends at rest. The duration of the interaction was set to {4 =
5s and began at time, ¢ = 15s. Note that for the purpose
of understanding, positive z has been defined as upwards, as
defined in the inertial coordinate system.

Drag interactions were simulated for five single-DoF
cases:

1. z-translational drag - £ = (1,0,0)m

2. z-translational drag up - £¢ = (0,0, 1)m

3. z-translational drag down - £ = (0,0, —1)m

4. Yaw-axis drag - n¢ = (0,0, 45)deg

5. Roll-axis drag - ny = (5,0,0)deg

The duration of interaction for analysis of data is defined
as when the admittance controller first updates new setpoints
until it stops. To achieve a high level of compliance, the aim is
to obtain as low a reaction force or moment as possible, thus
the objective function is to minimize the estimated force or
moment during interaction. The scope of the paper focuses on
the interaction stage, over which the root mean square (RMS)
force and moment are calculated.

SEPTEMBER 11-15, 2023, AACHEN, GERMANY

4.3  Results and Discussion

From Figure 6, three main trends are observed in both
cases:

1. For a constant mass, the RMS reaction force and mo-
ment increases with increasing damping. This aligns
well with Equation 1, where the damping force is pro-
portional to the damping coefficient for a set velocity.
As the velocity in the concerned axis is fairly consis-
tent across the tested cases, a high reaction force and
moment is expected as damping increases.

2. For constant damping, the RMS reaction force and mo-
ment increases with increasing mass. A heavier mass
suggests a larger force and moment is required to accel-
erate the system, hence resulting in this observed trend.

3. Turning points are observed at low damping values
where the RMS reaction force and moment increases
significantly. A finer ¢; step size of 0.01Ns/m was
then used to capture the trends near the optimal point.
Figures 7(a) and (b) illustrate the local minima by
sweeping through damping coefficients. A clear turn-
ing point is observed for both cases and the damp-
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Figure 8: (a) Position and (b) attitude plots for the 1m z-axis drag
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Figure 9: (a) Position and (b) attitude plots for the Sdeg roll-axis drag

ing coefficient that produced the lowest RMS reaction
force/moment is considered the optimal. Through ob-
servation of position and attitude plots, a large amount
of oscillations was noted for low damping cases. This
could be due to amplification of uncertainties and the
dynamics which in turn cause deviations between the
setpoint and the measured position and attitude, re-
sulting in larger control efforts to stabilize the system.
This is further shown by the control input, horizon-
tal thrust, as shown in Figure 10. At low damping,
¢z = 0.05Ns/m, severe oscillations depict marginally
stable behavior. Hence, the high peaks at low damping
coefficients suggests that a compromise is required be-
tween the level of oscillations that can be tolerated and
a comfortable reaction force.

Low damping C=0.05Ns/m
~— Optimal damping C=0.17Ns/m
High damping C=1.0Ns/m

o

0.

I

Time (s)

Horizontal Thrust in X-axis (N)
o
<
e
s w—
——
—
ir—

Figure 10: Control input of horizontal thrust for three levels
of damping for a Im zx-axis drag. Calculated by taking the
x-axis horizontal component of the total thrust
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Figures 8(a) and (b) illustrate the position and attitude re-
sponses during the 1m x-axis drag at optimal parameters. The
DoFs other than the interacted axis are shown to maintain
constant values throughout the duration of interaction. In-
significant changes in the attitude demonstrates the capability
of a fully-actuated UAV, where the decoupled translational
and rotational axes enable safe, intuitive interactions.

Optimization of a roll-axis drag demonstrates the novelty
of the work in this paper and the ability of a fully-actuated
drone to hold a non-zero roll setpoint without translating,
as shown in Figure 9. This is another advantage of a fully-
actuated drone over its underactuated counterpart, where in-
teraction can occur in two additional DoFs (ie. roll and pitch).
This allows for a greater range of applications, such as the
need for tilted station keeping during physical interaction.

Similar trends as seen in Section 4.3 are observed across
the z and yaw axes. Table 1 summarizes the optimal pa-
rameters found through simulations for the four DoFs and
the corresponding reaction forces (F,.) and moments (7).
The reaction forces can be compared to the weight of the
UAV (12.4N). The optimal z-drag and average z-drag reac-
tion forces are 0.7% and 3.5% of the UAV’s weight, respec-
tively.

5 FREE FLIGHT TESTS
5.1 Test System

Figure 11 illustrates the free flight test system used. It
consists of four main components:
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Parameter range, A/ = 0 | Optimal ¢;(Ns/m) F., 7
z-drag ¢y =0.06-0.5 0.17 0.085N
z-drag (up) c;=12-20 1.62 0.49N
z-drag (down) c,=12-20 1.27 0.38N
Roll-drag ¢y =03—-0.6 0.43 0.014Nm
Yaw-drag cy =0.01-0.5 0.014 0.015Nm

Table 1: Summary of simulation optimal parameters obtained.

PX4 flight controller Human external wrench

ESPAC o m e e e e ——————————— l
ferMe Nsp.ac ! ! motor L
Exlemz}l Wrench Admittance + Position Attitude Motor L SEpoints |\ otor

Esumaton Controller +»| Controller Controller Mixer I

\ 1
e e
Emeas - Mmeas : VICON Motion | :
N Capture System N
1 1
1 1
S - i
§meas: hmeas : Onboard IMU {4
i 1
| R A S P et ]

Sensors

1. The typical PX4 flight controller with cascaded P-PID
controllers and the motor mixer.

2. The human external wrench directly applied by the hu-
man handler onto the UAV through physical contact.

3. Two types of sensing systems: the Vicon motion cap-
ture system with 12 cameras and an onboard IMU. The
outputs of the two sensors are fused to compute the
UAV’s position and orientation information.

4. The sensor fusion, external wrench estimation and ad-
mittance controller setpoint computation are imple-
mented and performed onboard the Pixhawk 4 mini
control hardware.

Figure 12 depicts a handler performing PHDI in the mo-
tion capture lab.

5.2  Test Procedure

To validate simulation results, the following drag inter-
actions were experimented and optimized with the following
cases:

1. z-translational drag - £ = (0.5,0,0)m

2. Yaw-drag - ny = (0, 0,45)deg

3. Combined interaction - £ = (0.75,0,1.5)m

Note that testing for a roll-axis drag was not performed on
the UAV used in this paper due to the tendency for the actua-
tors to saturate with small moment applications. Additionally,
due to the large spread of reaction forces at each damping co-
efficient in the z-axis testing, the optimization results have
been omitted in this paper.

The dead band for each axis was first tuned to allow for
any minor disturbances to be disregarded and to only update
admittance controller setpoints once forces or moments were

SEPTEMBER 11-15, 2023, AACHEN, GERMANY

Figure 12: Free-flight test setup in motion capture lab with
Vicon system

outside a specific range. The dead band also defines the dura-
tion of interaction. This was done by station keeping the UAV
whilst logging the estimated forces and moments. Based on
the residual estimated wrench, the dead band was determined
for each axis.

Parameter m; was gradually decreased from the default
value. Zero m; values were tested, however, this resulted in
unstable and oscillatory behavior, thus, a non-zero value was
selected for each of the axes. For each drag interaction ex-
perimented, different damping values were tested, and each
combination of parameters was repeated 10 times to obtain
averages. The lower bound was determined based on visual
and log observations; significant oscillatory responses at low
damping affected results and risked the safety of the handler,
thus were omitted.

Table 2 shows the mean and maximum velocities encoun-
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Figure 13: (a) Relationship between changing c, with RMS reaction force for the x-axis drag in free flight tests at m, = 0.1
and (b) relationship between changing c,, with RMS reaction moment for the yaw-axis drag in free flight tests at m,, = 0.1

tered during interaction in each axis. The maximum velocity Parameter range | Optimal ¢;(N's/m) | Fy, 7,
recorded can therefore be quantified as the upper limit of the z-drag ¢y =0.25—4 0.25 0.16N
interaction rate for the sets of free flight tests performed in Yaw-drag | ¢y =002—1 0.1 0.11Nm

this study. Reaction forces and moments are directly related
to the velocity during interaction, therefore consistent veloci-
ties are required to achieve repeatability.

Table 3: Summary of free flight optimal parameters obtained.

Mean velocity

Maximum velocity

x-drag
Yaw-drag

0.21m/s
0.297ad/s

0.27m/s
0.39rad/s

axes simultaneously, namely x-axis drag and z-axis drag. The
shaded area on the graph depicts the region in which interac-

Table 2: Mean and maximum velocities during free flight
tests for each tested axis

5.3  Results and Discussion

In Figures 13(a) and (b), the trends observed align well
with those seen in simulation results. As the damping coeffi-
cient increases, the RMS reaction force and moment increase.
The large spread observed in the data may be due to inconsis-
tencies by the handler during interaction. In the x-axis drag
tests, any ¢, lower than 0.25Ns/m resulted in unsafe oscilla-
tory behavior, thus results have been omitted. In the yaw-axis
drag tests, an optimal point, ¢, = 0.1Ns /m, is observed, as
also depicted in the trends shown in simulations.

Table 3 summarizes the optimal parameters obtained
through experimental testing. Compared to the weight of the
UAV (12.4N), the optimal z-axis drag force is 1.3%.

Figure 14 shows the experimental data for a combined in-
teraction where the UAV was physically interacted in multiple

SEPTEMBER 11-15, 2023, AACHEN, GERMANY

tion occurred. The position appear to follow the setpoints
well. At the end of the interaction, the position and attitude is
held. A combined interaction shows that the axes are decou-
pled and a multi-axis interaction does not impact the UAV’s
ability to follow and hold setpoints.

3 7 7 ; T
——— X-Position

. — X-Position Setpoint
E2f Z-Position
c - Z-Position Setpoint
s —
g1[ / 1
o N /‘p——a—

0 . ' ' i | | 1 4

0 10 20 30 40 50 60 70 80
Time (s)

Figure 14: Combined interaction position graph using opti-
mal parameters in free flight testing
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6 CONCLUSIONS

This paper presents a novel analysis of admittance control
on a compact, fully-actuated UAV for the purpose of human
drone physical interaction. The main contribution is the opti-
mization of the admittance controller in multiple translational
and rotational axes to allow users to safely and intuitively in-
teract with the UAV with minimal reaction forces and mo-
ments. The performance of the admittance controller was val-
idated through simulations and experimental testing; optimal
reaction forces of 0.7% and 1.3% of the UAV’s weight were
achieved for translation in the horizontal axis in simulations
and free flight tests, respectively.

Future work will involve experimentally testing the roll
and pitch-drag interactions to validate simulation results. Fur-
thermore, an approach to differentiate between disturbance
and human wrench will be investigated.
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