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ABSTRACT

This paper presents a novel experimental setup
in a wind tunnel that is capable of measuring
the frequency response of an over-actuated Un-
manned Aerial Vehicle (UAV). The setup gener-
ates wind surges with a sinusoidal time response,
allowing for free-flight testing of the UAV at
various frequencies. Importantly, the surging
flow method employed in this study offers a pre-
dictable and repeatable experiment compared to
other wind tunnel tests that utilised turbulence
grids. The closed-loop frequency response of the
UAV to wind disturbances is plotted, revealing
peaks in the gain response that are not present in
simulated results. These unexpected peaks iden-
tify that system dynamics that are not modelled
in the simulation are present in the physical sys-
tem.

These findings demonstrate the effectiveness of
the experimental setup and provide valuable in-
sights into the UAV’s response to disturbances.

1 INTRODUCTION

Unmanned aerial vehicles (UAVs) have experienced a
large growth in popularity in the past few decades in both
commercial and academic sectors. With the miniaturisation
of sensors and embedded computers, small multirotor UAVs
in particular are becoming a widely used instrument in a va-
riety of fields such as surveillance, mapping, agriculture and
delivery due to features such as their agility and relatively
moderate production costs [1, 2, 3].

Conventional UAV designs have all rotors applying force
in a parallel direction to counteract gravity and thus under-
actuated dynamics due to the coupling between the horizontal
translational and rotational dynamics. Fully-actuated UAVs
are a type of UAV that have an equal number of control inputs
to the number of degrees of freedom (DoF), and each DoF is
decoupled and can thus be controlled by an independent con-
trol input. This class of UAVs is able to apply forces in a
plane perpendicular to the rotor axis making them more suit-
able than conventional designs for certain tasks, examples be-
ing aerial physical interaction and wind gust rejection [4, 5].
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Over-actuated UAVs are another type of UAV that share sim-
ilar characteristics to fully-actuated UAVs with added redun-
dant control inputs, allowing for greater fault tolerance and
robustness.

The optimal rotor configuration for fully-actuated UAV
designs is often application-dependent, where different con-
figurations are more suitable for certain design goals, such as
better dynamic maneuverability, minimum energy consump-
tion, greater force bandwidth or wrench generation [3]. Dif-
ferent control algorithms have also been developed through-
out literature to utilise the advantages of these configurations
[6, 7]. Examples of small fully-actuated and over-actuated
multirotor UAVs have been developed by several researchers,
demonstrating their potential for high levels of maneuverabil-
ity [8, 9, 10, 11].

With the increased popularity of UAVs, there is an in-
creased need for accurate flight performance while resisting
external disturbances due to factors such as wind, aerody-
namic ground effects or when performing aerial manipula-
tion [12]. Accurate modeling of the dynamics of these UAVs
is thus crucial for improving their performance through bet-
ter design and control. Many research groups have made use
of various analytical and empirical methods to derive UAV
aerodynamics [13, 14, 15], which can then be used to develop
suitable simulation models for controller design and testing.
Modelling has been shown to be a useful tool for understand-
ing the behavior of multirotor UAVs but may not capture all of
its complexities accurately due to unmodelled dynamics. Ex-
perimental methods are then used to validate and refine these
UAV models.

Free-flight testing is a widely used approach in UAV lit-
erature to assess the vehicle’s dynamics and performance in
real-world environments [16, 17, 18]. This method involves
flying the UAV under various conditions, and comparing the
recorded data with simulation results to evaluate the aircraft’s
performance. Outdoor testing provides the most realistic rep-
resentation of real-world conditions but introduces uncertain-
ties and limited control over external factors. Indoor testing
offers controlled conditions but are limited by space restric-
tions.

Wind tunnel testing, on the other hand, provides con-
trolled experimental conditions for UAV flight. Although the
wind tunnel environment does not fully replicate the real-
world wind conditions and turbulence experienced during
outdoors flight, its predictable nature offers distinct advan-
tages for precise and repeatable assessment of the stability
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and control of the vehicle. Additionally, the use of motion
capture systems in the wind tunnel setting enables highly ac-
curate data collection, which may be challenging to achieve
or cost-prohibitive in outdoor environments. The effective-
ness of wind tunnel testing has been demonstrated in exam-
ples such as [19, 20], in which testing was performed using ei-
ther constant wind, or turbulent wind which contains a broad
spectrum of irregular wind speeds.

In past literature, it was noted that some fully-actuated
drones have an advantage over under-actuated drones in terms
of actuator bandwidth or rise time [9, 21]. The irregularity of
turbulent wind was found to be unsuitable for properly eval-
uating the effects of this advantage. To investigate this ad-
vantage, equipment was built by Buchanan [22] to generate
predictable sinusoidal wind ’surges’ which are described in
[23] and hereon referred to as ’surging flow’. To the author’s
knowledge, UAV free-flight testing has yet to be performed
under the conditions described. This paper therefore extends
work done in [20] by investigating the frequency response of
a fully-actuated UAV in free-flight using surging flow condi-
tions generated by a wind tunnel.

The paper is organised as follows. In Section 2, the fully-
actuated UAV and testing environment are introduced. The
experimental process and results are then discussed in Sec-
tion 3, and finally the conclusions drawn and future work are
summarised in Section 4.

2 SETUP DESCRIPTION
2.1 UAV Airframe and Controller

This section introduces the UAV investigated in this pa-
per, known as the canted-rotor planar octorotor (CRPO) UAYV,
which was previously designed in research conducted at the
university [20]. As the CRPO has 8 control inputs for 6 DoF
of motion, it is technically an over-actuated UAV, however it
is treated as a fully-actuated UAV as this characteristic is not
explored in this paper.

Two different reference frames are used in this paper. One
is about the body of the aircraft, denoted as Z[x, y, z] about the
forward, right and down directions of the aircraft respectively.
Additionally, euler angles for roll ¢, pitch 6 and yaw ¢ of
the aircraft are positive clockwise about these three respective
body axes. The world coordinate frame then describes the
environment the aircraft is in "V [x,y, z] where the " xy-plane
is parallel to the ground, *Vz is positive upwards normal to the
ground, and centred on the ground in the flight zone described
later in Section 2.2.

The CRPO is similar to a conventional planar octorotor
UAV, except the rotors of the CRPO have been canted such
that adjacent propellers are tilted along the Bx- and By-axes
at a fixed angle ( in opposing pairs, as shown in Figure 1.
This allows for decoupling of position and attitude control,
where increasing thrust from certain rotors while decreasing
thrust from others generates a net thrust along its Bxy-plane
without generating moments or affecting the net force normal
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Top View

—————— Cant Axis
——> Thrust Direction

Figure 1: Diagram of the canted-rotor planar octorotor UAV

to this plane in the 5z direction.

The CRPO is able to produce thrust in the world "Vx-
and "Vy-axes using two different methods: directly via body
thrust as described above, or in a manner similar to an under-
actuated UAV by first tilting the aircraft so the Bz-axis thrust
has components in the "x- or "Wy-axes. These two actua-
tion methods will hereon be described as vectored thrust and
attitude-based thrust respectively. Experiments showed that
the bandwidth of vectored thrust compared to attitude-based
thrust was 8Hz and 1.7Hz respectively, suggesting vectored
thrust was better suited for counteracting high frequency dis-
turbances. However, attitude-based thrust was determined to
be capable of producing a higher magnitude of force in the
W xy-plane.

The CRPO UAV model was primarily constructed using
carbon fibre plates and tubes. It is controlled by a Holy-
bro Pixhawk 4 flight controller running PX4 Autopilot. The
CRPO is equipped with a radio module for manual operation
via a radio controller, as well as a WiFi module for commu-
nication with a ground control station (GCS) laptop using the
MAVLink protocol. The aircraft has a rotor-to-rotor diameter
Dy av of 0.5m and a flight mass of 1.72kg. An image of the
aircraft is provided in Figure 2.

The CRPO can be operated with two different position
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Figure 2: Photo of the canted-rotor planar octorotor UAV

controllers: a baseline PX4 controller based on PID, which
does not utilize vectored thrust, or an H-oco controller de-
signed by Bannwarth [20]. The H-oco controller is a linear
multivariable control system, which was optimised to miti-
gate disturbances based on a linearised model of the aircraft
constructed at a station-keeping operating point in a 5.6m/s
headwind. The controller takes advantage of the strengths
of the CRPO’s separate actuation methods by individually
penalising inputs and outputs based on frequency. This ap-
proach is thus able to leverage the higher frequency band-
width enabled by vectored thrust as well as the greater mag-
nitude of thrust provided through attitude-based thrust.

The design features of the CRPO and a system of equa-
tions representing its dynamics and aerodynamics are de-
scribed in greater detail by Chen and Bannwarth et al. in
[21, 24]. Bannwarth also describes how the system of equa-
tions were then used to construct a simulation model of the
plant and controller in MATLAB Simulink. The structure of
this simulation model is shown in Figure 3 and it is used later
in Section 3 to generate simulated results for comparison with
the experimental data.

UAV Plant Model
Wind Speed

(aero) Force, Moment
r* Frame Drag Model

Dynamics Model [

Reference
Position
—

Motor
Reference |
Voltages

Controller Motor Model

(motor) Thrust, Torque

(estimated) Position, Angle Position, Angle

Sensor Model

Figure 3: CRPO Simulation Model

2.2 Surging Flow System

The flight environment used in this experiment to gen-
erate surging flow is the University of Auckland’s Bound-
ary Layer Wind Tunnel (BLWT). Detailed descriptions for
the wind tunnel and modifications made in the flight zone to
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enable free flight testing and surging flow can be found in
[15, 20, 22, 25]. This section will briefly summarise its key
features in relation to the free-flight tests that were conducted
in this paper.

1.5m
——
3.0m
prerr e W ________ = E \\
! y P T
Wind i " P NN Variable
—, 2.0m : e : : :\ Blockage
i Motion Capture P \: Vanes
\ Zone / !
o i ! ~
Safety Nets Position
Covering Data
Open Doors 143
GCS PC

(b)

Figure 4: a) Diagram of BLWT flight zone and b) photo of
BLWT flight zone taken from upstream

The BLWT is a closed-loop wind tunnel with a 20m test
section that is 3.6m in width and 2.5m in height. Within
this test section there is a much smaller motion capture zone
suitable for free-flight experiments that is 2.0m in width and
3.0m in length. Figure 4a shows the layout of the flight en-
vironment for this experiment within the test section of the
wind tunnel. The wind tunnel is able to generate wind speeds
within the tunnel of up to 20ms. This has been restricted to
a maximum of 10ms! for safety reasons in the experiments
conducted due to the flow blockage caused by the variable
blockage vanes. Wind speed in the tunnel is tracked in two
locations both upstream and downstream of the test area by
pitot tubes.

The variable blockage vanes are a set of seven motorised
vanes, shown as the vertical wooden slats downstream of the
tunnel in Figure 4b. The angle of these vanes can be adjusted
from an open angle of 0° shown in the Figure to a closed an-
gle of 90° to increase blockage within the tunnel and thus de-
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crease wind speed in the testing zone separately from the pri-
mary wind tunnel fan. To reduce pressure loading on the wind
tunnel fans, the tunnel side doors must be left open when the
vanes are operating and thus nets have been placed across the
doors and behind the flight zone for safety.

The vanes are able to repeatedly generate discrete one-
dimensional (1-D) gusts of wind in the Wx-axis with mini-
mal turbulence. This can be controlled to generate a ’surging
flow’, or a set of gusts with speeds that resemble a 1-D sinu-
soidal signal in the time domain, and thus a single frequency
component. The frequency of these wind gusts is determined
by the frequency the vanes are operating and the gust ampli-
tude is related to the turning angle of the vane, e.g. a surg-
ing flow may be generated using sweeps between only 0° to
30°. Characterisation of the wind generated by this system
has been conducted by Kay et al. in past research and can be
found in [23].

The motion capture zone shown in Figure 4 provides ac-
curate position and attitude data with sub-millimetre position
accuracy. Motion capture is performed by twelve Opti-Track
Flex 3 cameras, shown embedded in the roof in Figure 4b,
which track circular reflective markers on the object of inter-
est. Several of these markers can be seen attached to the body
of the CRPO in Figure 2.

The localisation of position data is achieved by process-
ing the camera feeds on a PC, which transmits the data to a
ground control station (GCS) laptop. The GCS laptop runs
the MAVROS package and establishes a connection to the
UAV through a Wi-Fi module. By utilising this Wi-Fi con-
nection, the position data is transmitted to the UAV flight con-
troller using MAVLink messages. On the UAYV, the received
position data is filtered with on-board sensor data, thus min-
imising errors associated with sensor inaccuracies.

3 SURGING FLOW EXPERIMENTS

During these station-keeping experiments, power was
supplied to the CRPO by a power supply via tether, allow-
ing for greater flight endurance. The flight mass mentioned
at the end of Section 2.1 includes the mass of this tether and
the power supply Voltage is set to 12.6V to simulate a 3S
Lithium-Polymer battery.

To maintain consistency between experiments, it is de-
sirable that the mean wind speed and amplitude are constant
for all surging flow frequencies. However, when the vari-
able blockage vanes described in Section 2.2 are in opera-
tion the mean wind speed decreases significantly from the
open-vane wind speed; this drop changes with both surging
flow frequency and vane angle. Similarly, the amplitude of
wind gusts is also affected by both maximum vane turn an-
gle and frequency. For example, to achieve wind speeds with
a mean, amplitude and frequency of 5.6ms™, 0.56ms™! and
1.0s™! (Hz) respectively, an open vane wind speed of 8.3m.s™!
was needed and vanes were swept from 0° to 67°. As such,
appropriate open-vane wind speeds and vane turn angles must
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Figure 5: CRPO station-keeping in the BLWT under surging
flow. Wind sock visually indicates wind direction.

be selected before conducting free-flight experiments to gen-
erate a consistent set of winds for use in said experiments.

The H-oo controller described at the end of Section 2.1 is
linearised about a mean wind speed of 5.6ms’t, which was
the target mean wind speed for free-flight experiments using
a turbulence grid conducted by Bannwarth [20]. As such,
this wind speed U,peqn = 5.6ms™ was again chosen to be
the mean wind speed for the surging flow experiments con-
ducted in this paper. To remain within the linearised region,
wind speed amplitude Uy, was then set to a small value;
this was chosen as 10% of the mean wind speed or 0.56m.s™.
Experiments were then conducted across a range of frequen-
cies f = {0.05,0.1,0.2,0.3,0.4, 0.5,0.6, 0.7, 0.8, 1.0}. Ex-
periments were also repeated using both a baseline PX4 con-
troller based off of PID and the H-oo controller. To ensure the
desired mean and amplitude wind speeds at each frequency,
interpolation was applied to wind profiling data collected by
Kay et al. [23] and confirmed experimentally using a Cobra
probe 3-axis wind sensor placed at the station-keeping posi-
tion of the CRPO in the experiment, described later in Section
3.1. During this stage, wind profile logs were also collected,
providing data on wind speeds within the flight zone in rela-
tion to the variable vane turn angle.

3.1 Experiment Procedure

During the experiment the CRPO is set to offboard-mode,
which is an autonomous mode where the UAV receives a con-
stant stream of position setpoints for the desired hover po-

sition, Wa,ey = [0 0 1.25] "m. This corresponds to a
location 1.25m above the centre of the motion capture area,
aligned with the centre of the wind tunnel and is the posi-
tion the UAV will attempt to hold during the experiment. The
H-oo controller is turned on here if appropriate for the exper-
iment.

Once the wind tunnel is activated, the wind speed is grad-
ually increased to the desired open-vane wind speed. Suffi-
cient time is allowed for the wind speed to reach a steady state
within the tunnel. Subsequently, the variable-blockage vanes
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are activated, and their operation is sustained for a duration
of 40 seconds to 2 minutes, depending on the test frequency.
This ensures that the surging flow within the tunnel achieves
a steady state for a meaningful period. A photo taken during
one test flight can be seen in Figure 5.

During the experiment flight logs were recorded, cap-
turing aircraft position, attitude, and control allocation data.
These logs were subsequently processed to extract flight data
aligned with the variable vane turn angle. A sample from
one experiment can be seen in Figure 6, after synchronising
time between the aircraft log and profiled wind data. Curve
fitting tools have been used to approximate the shape of the
responses and most importantly the amplitudes of each re-
sponse, which are then used to generate the plots discussed in
Section 3.2.
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Figure 6: Combined logs from CRPO station-keeping in the
BLWT using the H-oco controller under 0.5Hz surging flow.
From the top, graphs represent estimated wind speed, UAV
position and UAV control effort in the "V x-axis

3.2 Experiment Results

Results for each experiment were recollected by using the
wind profile logs collected as inputs to the simulation model
described in Figure 3. The closed-loop frequency response to
wind disturbance from both simulation and experimental re-
sults for both baseline and H-oo controllers is then shown in
Figure 7. In this graph, “Position Gain” represents the differ-
ence in decibels between the output position amplitude when
fitted to a sinusoidal curve and the input wind speed ampli-
tude when fitted to a sinusoidal curve at each frequency. Al-
though not all signals exhibited perfect sinusoidal behavior,
especially at lower frequencies with minimal position devi-
ation, the analysis revealed that sinusoidal curve fits yielded
satisfactory results. Specifically, the simulated results con-
sistently achieved an R-squared value above 0.8, indicating a
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strong fit to the sinusoidal curve. Similarly, the experimental
results exhibited an R-squared value above 0.7, indicating an
acceptable level of accuracy for the curve fits. Despite some
deviations from ideal sinusoidal patterns, the overall quality
of the fits suggests their suitability for the analysis and inter-
pretation of the data.
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20 Simulation H-Inf
*  Experiment H-Inf
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-30
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102 107" 10°
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Figure 7: Closed-loop frequency response of position error
gain due to wind disturbance

The simulated results appear to represent the performance
of the real system in free-flight experiments fairly accurately
except for around the 0.4Hz and the 0.7Hz region for baseline
and H-oo controllers respectively where there appears to be
an additional peak in the results from free-flight experiments.
It is likely that these peaks were caused by unmodelled or
inaccurately modelled system dynamics, such as the influence
of the power tether on the UAV’s mass moment of inertia 1
in the experiment. Furthermore, the variations in damping
effects induced by the different controllers may contribute to
the disparate frequencies at which these peaks occur.

Additionally, it was previously difficult to experimentally
confirm whether the frequency-based control allocation of the
H-oo controller described in Section 2.1 was effective at mit-
igating position gain. By analysing control allocation at each
frequency, Figure 8 demonstrates that in relation to position
error amplitude, control effort of the vectored thrust appears
to increase more significantly than attitude-based thrust with
surging flow frequency.
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Figure 8: Closed-loop frequency response of control effort
gain due to position error of the H-co controller
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4 CONCLUSION

In this study, we have introduced a novel experimental
setup in a wind tunnel to measure the disturbance response
of a fully-actuated UAV. By generating wind surges with a
sinusoidal shape, we conducted free-flight tests across a range
of winds with a single frequency component, enabling the
analysis of the UAV’s closed-loop frequency response to wind
disturbances.

We observed an unexpected peak in the closed-loop fre-
quency response of the position error of the CRPO found
through the surging flow wind tunnel experiments that wasn’t
present in simulated experiments. This difference identifies
the effect that the unmodelled dynamics in the physical sys-
tem, such as the effects of the power supply tether or frame
vibrations, has on results from experiments using the CRPO.
Additionally, this apparatus was used to investigate the effect
of frequency-weighted control of the two separate actuation
methods for horizontal thrust of the CRPO when using the H-
oo controller, and the results aligned well with expectations
for the performance of its frequency weighting.

These findings highlight the usefulness of this experimen-
tal setup for identifying unmodelled dynamics and investigat-
ing control strategies of over-actuated UAVs.

4.1 Future Work

Further investigation could be performed on several ar-
eas identified by this work. Firstly, the sources of the unex-
pected peaks in the frequency response should be examined,
and the unmodelled dynamics should be identified to further
refine the simulation model and controller. Surging flow ex-
periments could then be used to validate the accuracy of these
changes.

Furthermore, the frequency response analysis of the
UAV’s dynamics offers valuable insights for refinement of
the UAV’s design and control system. For the case of the
H-co controller, by examining performance across different
frequencies, a more effective frequency weighting may be ap-
plied to reduce gain at specific frequencies and thus improve
overall performance. Surging flow experiments could then be
used to investigate the effectiveness of these changes at spe-
cific surging flow frequencies.
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