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Abstract

In this paper, an H,, dynamic output feedback controller is experimentally implemented for the position regulation of
a fully actuated tilted-rotor octocopter unmanned aerial vehicle (UAV) to improve wind disturbance rejection during
station-keeping. To apply the lateral forces, besides the standard tilt-to-translate (attitude-thrust) movement, tilted-
rotor UAVs can generate vectored (horizontal) thrust. Vectored-thrust is high-bandwidth but saturation-constrained,
while attitude-thrust generates larger forces with lower bandwidth. For the first time, this paper emphasizes the
frequency-dependent allocation of weighting matrices in H,, control design based on the physical capabilities of the
fully actuated UAV (vectored-thrust and attitude-thrust). A dynamic model of the tilted-rotor octocopter, including
aerodynamic effects and rotor dynamics, is presented to design the controller. The proposed H,, controller solves
the frequency-dependent actuator allocation problem by augmenting the dynamic model with weighting transfer
functions. This novel frequency-dependent allocation utilizes the attitude-thrust for low-frequency disturbances and
vectored-thrust for high-frequency disturbances, which exploits the maximum potential of the fully actuated UAV.
Several wind tunnel experiments are conducted to validate the model and wind disturbance rejection performance,
and the results are compared to the baseline PX4 Autopilot controller on both the tilted-rotor and a planar octocopter.
The H,controller is shown to reduce station-keeping error by up to 50% for an actuator usage 25% higher in
free-flight tests.

1. Introduction

Performing outdoors is one of the most essential multirotor unmanned aerial vehicle (UAV) applica-
tions [1, 2]. However, wind disturbances can adversely affect the performance of UAVs and destabilize
them. Many studies have focused on active disturbance rejection with automatic control in multirotor
UAVs [3, 4]. H,, control is a well-known method for its high disturbance rejection and stability robust-
ness, which has been widely used to address different UAV problems [5—7]. The combination of model
predictive control and H,, was designed for the wind disturbance rejection of quadrotors in simulation
[8, 9]. In another simulation study, Massé et al. [10] incorporated a thorough aerodynamics model in their
plant model and compared the control performances of linear quadratic regulation (LQR) and structured
H,, synthesis. Structured H,, design was shown to provide a more reliable framework in wind distur-
bance rejection compared to LQR. In an experimental study, Dai et al., presented acceleration feedback
(AF) enhanced H,, control to deal with the wind disturbance on an underactuated hexacopter [11]. The
experimental results suggested the superiority of AF-enhanced H,, over H,, control in effectiveness and
robustness against wind disturbance.

Disturbance rejection through control is inherently limited by the bandwidth of the actuators. Planar
UAVs (with all the rotors parallel) are underactuated which further limits the bandwidth of the actuation
along translational axes [12]. Planar UAVs must change their attitude to produce lateral thrust, which
is not desirable during station-keeping (attitude-thrust). Meanwhile, vectored-thrust (horizontal thrust)

© The Author(s), 2024. Published by Cambridge University Press. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution and reproduction,
provided the original article is properly cited.

https://doi.org/10.1017/50263574724000523 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574724000523
https://orcid.org/0000-0001-5353-8160
https://orcid.org/0000-0002-1661-167X
mailto:shahab.kazemi@auckland.ac.nz
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/S0263574724000523

2 Jérémie X. J. Bannwarth et al.

UAVs, as fully actuated systems, can produce thrust in the body xy-plane without generating moments
(as opposed to planar rotors). One way to achieve vectored-thrust is to attach one or more rotors on
servomotors to actively adjust their tilt angle [13—16]. This technique increases the number of moving
parts and thus decreases reliability. Also, the servomotor bandwidth is a limiting factor, particularly
under the influence of large gyroscopic moments.

Another way to design fully actuator UAV is to have (omnidirectional) fixed rotors by arranging
them at extreme angles against each other [17, 18]. The downsides of this method are an increase in
mass and reduction in hover efficiency. Finally, UAVs with passively tilted rotors [19-26] can be used to
achieve vectored-thrust. Their rotors are tilted around differing axes, increasing the controllable degrees
of freedom of the system. In this study, a passive tilted-rotor octocopter is presented to simplify the con-
trol problem through a specific rotor tilt pattern and reduce the coupling between thrust generation and
attitude control. Current vectored-thrust UAV literature is split between actuator allocation (convert-
ing virtual control signals, such as desired body torques and thrusts, to physical actuator commands)
and control design. While some studies concentrated on designing actuator allocation schemes [13, 22],
some other researchers considered wind disturbance rejection as a control goal and designed a controller
accordingly. Many controllers such as adaptive [19], robust chattering-free [21], and integral SMC [24]
were designed and simulated for vectored-thrust UAV disturbance rejection, while none of them were
implemented experimentally.

This paper introduces a novel H,, synthesis tailored for fully actuated UAVs (tilted-rotor octocopter),
aiming to enhance wind disturbance rejection. H,, synthesis is used due to its ability to weigh com-
peting control goals in the frequency domain. Traditionally, the determination of weighting matrices
relied on experimental data [5]. However, this work proposes an experimental implementation of a
novel frequency-dependent weighting function allocation, building on the vectored-thrust capability of
the fully actuated UAV. Notably, this work incorporates the physical capabilities of the fully actuated
UAV into the frequency-dependent allocation. The new controller optimally assigns weights, utilizing
attitude-thrust for low-frequency disturbances and vectored-thrust for high-frequency disturbances. This
frequency-dependent actuator allocation is desirable because the maximum horizontal thrust that can
be produced by changing the attitude of the UAV is significantly larger than what is achievable using
the vectored-thrust. This recognition is critical, as vectored-thrust is more prone to actuator saturation
and better suited for smaller amplitude, higher-frequency commands. By harnessing the UAV’s ability
to generate vectored-thrust, the controller achieves a targeted response to wind disturbances with differ-
ent frequencies. This allows the total capacity of the fully actuated UAV in wind disturbance rejection
while keeping an acceptable performance. In other words, this frequency-dependent weighting is applied
to use attitude control to reject low-frequency disturbances and use vectored-thrust for high-frequency
disturbances. The rest of the paper is organized as follows.

Initially, the tilted-rotor octocopter setup is introduced, and its coordinate frame and physical char-
acteristics are presented. A comprehensive model including the effects of wind disturbances and rotor
dynamics is proposed in Section 3. Section 4 describes the design of the proposed H,, controller. The
flight performance is experimentally examined in a wind tunnel in Section 5. Finally, conclusions are
drawn in Section 6.

2. The physical setup and coordinate frame

The presented tilted-rotor octocopter is designed and built based on a parameter sweep process to
maximize agility for a given endurance and payload [25, 26] (see Fig. 1). The bandwidth from the
vectored-thrust design is ten times higher than a comparable tilt-to-translate design. The maximum
produced vectored-thrust is 24% of its weight. With reference to Fig. 1b, producing a net force along
the x-axis is achieved by increasing the thrust of rotors 3 and 6, while decreasing the thrust of rotors
2 and 7. The moment generated by this operation can then be canceled by increasing the thrust of
rotors 1 and 8 and decreasing that of rotors 5 and 4. Table 1 lists the parameters of the selected design.
Vectors expressed by W, B, and M, are expressed in the world, body, and ith-motor frame, respectively.
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Figure 1. (a) Photo of the tilted-rotor octocopter that is used in this work. (b) The front and back rotors
(1, 4, 5, 8) are tilted about the body x-axis, while the left and right rotors (2, 3, 6, 7) are tilted around

the body y-axis. The rotors of the UAV are equally distributed around the center of mass.

The world frame and body frame use the typical north-east-down and front-right-down conventions,
respectively. The rotors are tilted at an angle ¢.

3. Dynamics

Wind introduces uncertainties in the aerodynamic forces acting on the UAV. Modeling these forces
accurately is challenging due to the dynamic and unpredictable nature of wind. However, a compre-
hensive dynamic model is needed to design the model-based controller. The position of the UAV in
the world frame is defined as § =[x y z]7, and its attitude is defined by the Hamilton quaternion
a=1[09, 9, ¢ q;1"=1[4q, 4qj. ;1" [27]. The absolute angular velocity of the craft expressed in the
body frame is defined as 5v =[%p Bq Zr]". Using Newton—Euler formulas, the acceleration of the

UAV is obtained as

. 1
E = (G+£VR (BT+BFaero)) B (1)
t
where G =[0 0 9.81m,]"is the weight vector, ®T is the total rotor thrust, "R is the rotation matrix
from the body frame to world frame, and ZF,, represents the aerodynamic force acting on the frame.
Likewise, the angular acceleration of the UAV is

Bl.) = Igl (BT — Bv X (IBB\)) + BMaero) ’ (2)

where I3 = diag(l,, Iy, I,.) represents the mass moment of inertia of the frame, Bt is the total rotor

torque, and ®M,,,, is the aerodynamic moment acting on the frame. The frame aerodynamic forces and
moments are defined as
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Table 1. Parameters of tilted-rotor octocopter.

Parameter  Description Unit Value

N Number of rotors - 8

Dy Rotor-to-rotor diameter m 0.500
Dyrop Propeller diameter m 0.1524

e Rotor tilt angle degree 31

m, Total UAV mass kg 1.7
I.1, x -/y axis MMol kg m? 0.0240

L. z-axis MMol kg m? 0.1051
Ix.. Motor z-axis MMol kg m? 3.290 x 1076
c: Rotor drag coefficient Nms?rad> 1.041 x 107*
Ki Motor back-EMF constant V s/rad 0.004126
I, Motor no-load current A 0.6

R Motor resistance Q 0.117

1 .
BFaero = - EpairAUAV Uippf [ Cx.f (af) COSﬂf C"f (Olf) SIHIBf le (af) ]T

1 . T
BMaero = EpairAUAVDUAVCM,/ (af) Uipp,f [_Slnﬂf COSIBf 0] s (3)

where o, and B, are the inflow angle and sideslip angle of the apparent wind vector (Fig. 2a), Ay = ”DE’AV

is the area of the UAV, and C (), C.[cy), and Cy ;) are dimensionless aerodynamic coefficients
defined in ref. [28]. In the body frame, the apparent wind vector is expressed as ®U,,,, = —5, R(§ +"VU),
where YWU=—[U, U, U,]"isthe wind velocity vector.

The total force 5T =YY 5T, and torque 7 =3  (®1, — Bv(MPRM M w,)), are generated
by all the rotors, where @, =[0 0 w;]" represents the angular speed of the ith-rotor, and M1, =
diag(0, 0, I ..) is the combined mass moment of inertia of the motor and rotor. The forces and torques
acting on a single rotor are

BT, = MPR[Tyycosf; Toosing Ti.]',

Mi,xysinﬁi
B'[i = M,‘BR M,-nyCOSﬂ,' + BLi XBTis (4)

where B; and «; represent the sideslip angle and inflow angle of the wind on the ith-rotor (see Fig. 2b).
The (— 1) term accounts for the rotor direction. The aerodynamic forces and moments acting on each
rotor are defined as

1
T’i,xy = _pairApmprmp Cx,i ((X,', )"1) w; Uapp,i

2
l 2
Ti,z = _EpairApmprmp (mep Cz,],ia),‘ + Cz,Z,i (ai) @; Uapp,i) 5
1 2
Mi,xy = _EpairApmprmp CM,i (C(,', )\-1) ; Uapp,h (5)

where A,,,, = # is the area covered by the propeller. C, (¢, A;), C. ;.5 C.2:(;), and Cy (o, A;) are
dimensionless aerodynamic coefficients defined in ref. [6]. Due to the offset between the rotors and the
center of mass of the UAV, the apparent wind velocity at each rotor is affected by the rotational speed
of the UAV and is given by
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Figure 2. Aerodynamic forces and moments acting on octocopter frame and the ith-rotor. (a) Side view
of the frame when the sideslip angle B;= 0. (b) Side view of the rotor when the sideslip angle ; = 0.

MiU,ppi = BMR (PU,,, + By x PL)) (6)

where L, represents a position vector from the center of the UAV to the ith-rotor and is defined as
B 1 . T
L = EDUAV [cosy, siny, 0] . (7)

Note that in Eq. (7), y; =45i — 22.5° is the angle from the positive body x-axis to the arm holding
rotor i and is measured positive counterclockwise around the body z-axis (see Fig. 1b). The angular
acceleration of the ith-rotor is given by

. 1 KT 2
w; = e (; (Vi = )R — Krw)) —crw[>, 3)
where I, is the motor idle current and R is the motor resistance [25]. K is the back-EMF constant,
Kt = K is the motor torque constant, and ¢, is the rotor torque aerodynamic constant. Finally, V; is the
input voltage to the motor. The PWM to motor voltage mapping for the motors is obtained by mounting
a single motor on a RCBenchmark Series 1580 Thrust Stand. The relationship between the normalized
PWM signal sent to a motor (x; € [0, 1]), and the input voltage is V; = 6.982y; + 2.351.

4. Control architecture

To conduct the wind disturbance rejection while hovering at a fixed location, a cascaded closed-loop
controller is designed and implemented for the presented tilted-rotor octocopter. For the implementation
board and software, a Pixhawk Cube board running the PX4 Autopilot Firmware is employed. Note that

https://doi.org/10.1017/50263574724000523 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574724000523

6 Jérémie X. J. Bannwarth et al.

K H. | PAdes BTes Wind disturbances |
e o0 Acc. T
¢ osition §
" I::OIIIIII‘Ol Ay des To Qdes | PX4 attitude Ml‘}tt}r f
des Thrust control | B¢ Mixer | ¥ Canted-rotor :
and (P and PID) 1 octocopter in Fig. 1
Qdes
§ q | 1 ‘ q
¢ By, By By
PX4 Autopilot’s EKF2 estimator Sensors

Figure 3. The control implementation architecture.

the cascaded structure used in this work is mostly identical to that of the position hold control mode of
the baseline (BL) PX4 Autopilot version 1.8.2 [29].

The BL closed-loop control architecture is split into inner and outer loops. The inner loop controls
the desired UAV attitude (orientation) and comprises of a globally stable nonlinear quaternion-based
angular controller [30], and PID control for angular rate. Meanwhile, for the outer loop, the position
controller consists of a proportional gain acting on the position error and a PID velocity controller for
each axis. In this work, for the outer loop, a novel H,, dynamic output feedback controller is designed
to improve the wind disturbance rejection performance.

Fig. 3 illustrates the closed-loop cascaded architecture. As only performance in front-facing wind is
investigated, the desired yaw angle 4., = 0° for the remainder of this work. The output of the H,, block
is converted to a desired attitude, q,.,, and the normalized thrust ®Toes = [P Turse  ®Tiesy “Taes: 1"
The attitude controller outputs desired normalized roll, pitch, and yaw torques, in the form of C, =
[Cs Co CuT

The actuator allocation is performed by the motor mixer. Note that the motor mixer accepts the desired
thrust, 5Ty, and torque commands, C,, in the body frame, whereas the position controller operates in
the world frame. To deal with this, two virtual acceleration signals in the world frame are introduced; the
virtual attitude-thrust acceleration a, 4, € JR* and the virtual vectored-thrust (horizontal) acceleration
Ay 40 € R, Initially, ay 4 is rotated to the body frame, yielding

B B B B B T
Ay ges = w RaH,des = [ Tdes,.x Tde&,y aH,des,z] . (9)

The first two elements in the x and y-axis can be produced by the tilted rotors. Yet, Zay 4, is an
unintended side effect of the vectored-thrust scheme when the UAV is not level and must be compensated
using attitude control. This element is isolated, rotated back to the world frame, and added to the desired
attitude acceleration. Consequently, the total attitude acceleration a, is defined as

0
Ages = Ap des T ;VR 0 . (10)
B
aH,de.v,z

The PX4 Autopilot thrust-to-quaternion algorithm converts the total attitude acceleration setpoint to
the desired quaternion, q.,, and vertical thrust, T, that can be fed to the motor mixer (see Fig. 3). The
desired vertical thrust is simply the magnitude of the desired attitude acceleration, 5T, = — || ages ||2-

In the next step, the motor mixer maps the desired thrust,? T, and the torque command, ? C,, into
a vector of PWM signals () to be sent to the motors (see Fig. 3). Details of how the motor mixer is
constructed can be found in ref. [26]. The motor mixer is designed to accept vectored-thrust commands.
The motor mixer depends on the angle between the rotor arms, Ay = 45°, and the tilt angle of the rotors,
£, such that
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Figure 4. H,, closed-loop control schematic with weighting matrices.
[ —Say2 Cayp 1 2 —b 1]
—Cayp2 Sayp -1 —-b a 1
_CAy/Z _SAy/Z 1 b a 1
_SAy/Z _CAy/Z _1 —a _b 1 BCn (11)
X= )
SAy/Z _CAy/Z 1 —a b 1 B'TdES
CAV/Z _SAV/Z —1 b —a 1
CAy/z SAy/z 1 -b —-a 1
L SAY/z CAV/Z —1 a b 1_

where Su,, =sin (y/2), Cayp =cos (y/2), a=

tan(g)

@AY/ and b=

tan ¢

-~ For comparison, the elements of

the fourth and fifth column of the motor mixer matrix in Eq. (11) are zero in the BL PX4 motor mixer
matrix.

4.1. Linearized plant

Synthesizing the H,, controller requires a linearized model of the plant. The attitude is expressed as
n=[¢ 6 ], where ¢, 0, and ¢ are the roll, pitch, and yaw angles of the octocopter, respectively.
The motor mixer and attitude controller are included in the plant model. The input vector of the plant is
defined as u={[aj . aj,, ]", and the wind velocity (W, ="U) is the disturbance input (see Fig. 4).
The state vectoris x = [ £" é‘T " BT " xf, 1T (27 states), where w = [, @, ws T is
the rotors’ angular speed vector and Xpyp iS a vector containing the internal states of the angular rate loop.
The pitch and roll rate controllers use PID controllers with a second-order derivative filter (three states
each). The yaw rate controller uses a PI controller and only has one state. The attitude controller already
stabilizes the internal attitude and angular velocity states. Therefore, the output vector only contains the
integral of position, position, and velocity of the UAV, y =1 [ & &' éT 1%

The system is trimmed for the wind velocity U"=[5.6 0 0] m/s. This velocity corresponds to
approximately 50% of the feasible velocity range of the boundary layer wind tunnel used. In the trimming
algorithm, position and rate states are constrained to zero. Also, the vectored-thrust is not used at steady
state, which simplifies the trimmed input to u* = [a"‘;des 0]". As expected, the trimmed pitch angle,
0" = —8.25°, is negative, corresponding to the UAV pitching into the wind to counteract its drag force.
The model is then linearized around the calculated operating point (resulting from the trim process)
using MATLAB’s linearize function. The linearized model now needs to be augmented by weighing
matrices before controller synthesis.

The disturbance rejection, regulation performance, and actuator usage are competing and need to
be weighted. Therefore, the linearized model also needs to be augmented by weighting matrices. The
linearized plant and H,, controller dynamics to be designed are denoted as the transfer function matrices
G(s) and K(s), respectively. W,(s), Wy(s), W,(s), and W(s) represent the actuator, wind disturbance,
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Figure 5. Fitting first-order transfer function to x-axis wind spectrum.

output, and sensor noise weighting matrices, respectively (see Fig. 4). The regulated output vector, z =
[z], Z.']7, and the disturbance input vector, w =[w. = w,"]7, are defined. The actuator weighting

sens

matrix is defined as W, (s) = diag(W, 4(s), W, 4(s), W,4(8), W, u(s), W, 1(s)), where

Wia () =501 20w (s) =8.91 1 %
S

_— _ (12)
+ 10w, s+ 0.1w,,

where w,, is the desired cross-over frequency (the frequency at which the vectored-thrust should take
over from the attitude control). The controller should use the attitude controller for low-frequency
disturbances and vectored-thrust for high-frequency disturbances. This frequency-dependent actuator
allocation is desirable because the maximum attitude-thrust of the UAV is significantly larger than
vectored-thrust. Consequently, vectored-thrust is more likely to saturate the actuators and is better suited
to smaller amplitude, higher-frequency commands. The first three diagonal elements of W,(s) corre-
spond to the desired virtual attitude-thrust, and the last two correspond to the desired vectored-thrust.
The virtual attitude-thrust is penalized at high frequencies, while vectored-thrust is penalized at low fre-
quencies. The locations of zeros and poles are chosen based on a desired cross-over frequency, ., = 7
rad/s. This frequency is chosen to be below the cutoff frequencies of a, 4. and a, 4.,, which are 8 rad/s.
The DC gains of the attitude and vectored-thrust transfer functions are chosen to be 14 dB and 19 dB,
respectively, by the trial-and-error process to prevent actuator saturation.

The wind disturbance weighting matrix, W, can be deemed as a function that shapes white noise into
the expected spectrum of the wind. Fig. 5 shows the x-axis wind spectrum of the wind tunnel and a first-
order transfer function fitted to it. The high-frequency roll-off of the spectrum is -28.5 dB/dec, which
cannot be replicated using a transfer function. An asymptotic approximation is used to find the corner
frequency of the spectrum (24.1 rad/s). W, is given the same corner frequency, but its magnitude is set
to 15 dB through trial-and-error to improve disturbance rejection while preventing actuator saturation,
yielding

W, (s) = 5.62i]1,]1 e R, (13)
s+24.1
where I is the identity matrix. The output and sensor noise weighting matrices are arbitrarily
chosen as

1 1 9x9
Wo= LW, = 51T (14)

Finally, the Laplace domain weighing matrices and linearized plant model are combined.

4.2. H,, output feedback position controller

In the previous section, after trimming the plant, finding the operating point, and linearizing the plant
around the operating point, the model was augmented with weighting matrices. According to Fig. 4, the
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state space dynamics of the controller, K(s) = (A, Bk, Ck, Dx), are
Xk = AgXg + Bgy,

where xy is the internal state vector of the controller, and Ak, Bk, Ck, and Dg are constant matrices.
This controller is an output feedback controller because it acts on the measured output, y, rather than on
the system state, X, that is described in Section 4.1.

H,, techniques often use a high number of states, which can be undesirable and computationally
expensive for real-time applications. Typical H,, synthesis algorithms, such as MATLAB’s inbuilt Ain-
Jfsyn, create full-order controllers with the same number of states as the plant. The octocopter plant in
this work will result in a 38th-order controller. Combined with the controller’s nine inputs and five out-
puts, a discrete implementation will require more than two thousand multiplication operations at each
time step. This complexity causes a substantial computational burden for the onboard flight controller,
Pixhawk Cube. The open-source HIFOO 2.0 toolbox (MATLAB) [31] solves this issue by allowing for
the creation of reduced order controllers using an optimization-based algorithm. Therefore, HIFOO 2.0
synthesizes the controller from the linearized model described in Section 4.1. The reduced order con-
troller (order of 1) is created to keep the performance like the full-order controller while significantly
reducing the computation cost. Note that implementing the resulting controller on the original system
requires accounting for the trimmed input, u” (see Section 4.1).

Ac=—11.0, (16)

Cx=[-282 255 —0956 599 0.0202],

By =[0.847 —239 ... —0239 —0.0859],,
—0.0616 --- —0.0147

Dy =
00155 --- 00111

5x9

For the attitude control part, by choosing the Lyapunov candidate function as V(z,q) =qT.,q,.; +
(go— 1)*,wherez € {z, z,} corresponds to the upper and lower hemisphere of the space of unit quater-
nions, we can show that V(z,q) > 0 and V(z, q) < 0 (see detailed proof of stability in ref. [28]). This
shows that the attitude controller stabilizes the internal attitude and angular velocity states. For the ana-
lytical proof of stability of the position control part, since W ,(s), W4(s), W,(s), and W(s) are positive
definite, we can use the standard linear matrix inequality positive definite solution (See Appendix B
of [11] for the detailed proof of stability). Meanwhile, from Eq. (16) for the newly designed position
controller, the controller has a single pole at -11 rad/s. Fig. 6 shows the pole-zero map of the closed-loop
system, including the linearized model and the controller. It can be seen that all poles are in the open
left halfplane, proving the stability of the linear closed-loop position control system. Note that the other
poles to the far left have been removed to improve visibility.

Fig. 7 shows the Bode magnitude plot of the transfer function from the wind disturbance input,
U,(s), to the attitude and vectored-thrust accelerations. The magnitude responses of these transfer func-
tions indicate which actuator is used to compensate for wind disturbances. The magnitude response of
vectored-thrust control is lower than that of attitude control at all frequencies due to the higher DC gain of
the weighting function used. Nevertheless, the relative magnitudes of the transfer functions are not con-
stant; at low frequencies, the attitude control response is 25 dB higher than the vectored-thrust response,
whereas the difference narrows down to 10.1 dB as w — oo. These magnitude responses demonstrate
the desired frequency-dependent actuator allocation as the vectored-thrust is not used at low frequen-
cies to prevent saturation and is used increasingly at higher frequencies to improve disturbance rejection.
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Figure 7. Magnitude response of the transfer functions from the wind disturbance to the desired
accelerations.

The peaks of both responses are at 2.5 rad/s, which is close to the cross-over frequency of the actuator
weighting functions at T rad/s.

5. Free-flight experiments

5.1. Free-flight station-keeping performance

UAVs encounter a range of disturbances beyond wind, including atmospheric factors like turbulence and
thermal updrafts, environmental elements, obstacles in the flight path, potential sensor inaccuracies and
noise, communication disruptions, electromagnetic interference, and the risk of system faults. Physical
interaction is also another considerable source of disturbance, in which the UAV is interacting through
a tool with the surrounding environment. In this paper, however, we assumed all other factors negligible
compared to the wind and turbulence disturbances. Also, the UAV is not in contact with its surroundings
(free flight).

To validate the performance of the H,, controller for wind disturbance rejection, and conducting a
comparison, a comprehensive experiment is designed. Three cases are considered: the tilted-rotor octo-
copter with the H, controller, the tilted-rotor octocopter with the BL controller, and a planar version of
the octocopter with the BL controller. The UAV is flown inside the wind tunnel in a test section outfitted
with motion capture cameras to provide position feedback (see Fig. 8a). A disturbance-generating grid
is mounted ahead of the flight location to generate turbulence intensities of approximately 10%.

Note that the octocopter is powered by two 40A power supplies through an approximately 3 m long
tether, as shown in Fig. 8a. The power supplies are set to 13V to account for a measured 2V drop
across the tether. This tethered solution is chosen over traditional batteries as it allows faster testing
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Figure 8. Wind disturbance rejection experiment. (a) Octocopter station-keeping in the boundary
layer wind tunnel, University of Auckland. (b) RMS error of the position norm. (c¢) RMS rotation error.
(d) Mean RMS of the motor PWM signals.

by removing the need to swap and charge batteries. Furthermore, the constant power supply voltage
provides consistency between and during tests.

Three wind speeds of U,.., ={0,5.6,12.8} m/s are investigated. Each flight starts with the UAV
sitting on the floor, midway between the wind tunnel walls and 3.8 m away from the turbulence grid.
The operator then switches the UAV to position hold mode to track a position setpoint at the center of
the wind tunnel. The second phase of the experiment involves setting the wind tunnel to the desired
speed setting and waiting for the transients to decay before recording the response of the UAV. Each
flight yields 100 s of usable data after removing all transient behaviors.

Through 72 experimental tests, it was demonstrated that despite increasing the mean wind speed
from 5.6 m/s to 12.8 m/s and also adding 10% turbulence intensity, the hovering RMS position error
norm remained smaller than 5 cm (Fig. 8b). RMS principal axis rotation error also remained smaller
than 1.5° (Fig. 8c). This shows that the presented linearized model-based controller (linearized based
on 5.6 m/s wind with no turbulence) is valid for the actual nonlinear system operating under different
conditions. These results are also promising compared to another experimental study on H,, control
(with a hexacopter roughly the same size of the octocopter used in this study) [11], where the RMS
position error was calculated between 10 to 15 cm. Note that in ref. [11], the wind disturbance was
generated by a simple fan, without turbulence (with the average wind speed of 7.5 m/s). Meanwhile, this
study generated its wind disturbance in the wind tunnel, with 10% turbulence.

Fig. 8(b-d) shows the main performance metrics obtained from the experimental data. The presented
H,, controller significantly outperforms both BL cases in position error (see Fig. 8b). At the maximum
wind speed of 12.8 m/s, the H,, controller yields an RMS position error norm (o;) 51% lower than the
BL tilted case and 38% lower than the BL planar case. At 0 and 5.6 m/s, there is a significant overlap
between the recorded data points for the two BL controllers. However, overlap at 12.8 m/s is minimal,
with the BL planar case resulting in a 21% lower RMS error norm than the BL tilted case. The BL planar
setup has a higher thrust ceiling, allowing it to outperform the BL tilted configuration slightly.

The RMS principal axis rotation error (o), denoting the shortest rotation between the measured
and desired orientations, shows considerable overlap of the three data sets at non-zero wind speeds (see

https://doi.org/10.1017/50263574724000523 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574724000523

12 Jérémie X. J. Bannwarth et al.

—
]
—

T O'I e e i (JA,dl.‘N..\'
i : — — — AH des,x
3 =
2 0.05 |
é I
L s ey B |
g Of e s
b
(b) ;J S
~ —ip
2 7/
=17 /
(c) e
__-'ﬁ ;. ’Ml1|'|‘|'\"r‘-"|'\.hn“ ‘A'W ||,l W/ u f'rw b”'“‘”i" Wiy o
= /
8 .-,flf“l'{‘x-v.n!.'!u\'f M.h."’!u';rﬂlll. .|l"'l I} ’Iul AN I Y |'lr.'.
= (0 FA=RoTinria r_1,|,in.-»m- .1]' \ I| Wy ||||1l, II.'“""IIfII . |||| i
(d 100
—~ 80
S 60 e 8.
E ¥
= 40
(=9
20

Time (s)

Figure 9. Tilted-rotor octocopter response to a step change in desired vectored-thrust acceleration
in altitude hold mode. (a) Desired normalized horizontal accelerations, (b) Attitude, (c) Translational
acceleration, (d) and motor PWM signals.

Fig. 8c). Therefore, the configuration does not have a significant effect on the attitude control perfor-
mance at those wind speeds. However, at zero wind speed, the BL planar case yields an RMS rotation
error over twice as large as the other controllers. This difference is mainly due to the low yaw control
authority of the planar arrangement, which results in higher errors. These increased errors are not seen
at higher wind speeds, which could be due to the aerodynamic loadings acting on the UAV, but further
experimentation is required to identify the source of this behavior.

Wind resistance increases energy consumption as the UAV works harder to overcome the wind dis-
turbances. Having an energy-efficient control strategy to optimize UAV flight endurance and battery life
in the presence of wind is important. The mean RMS of the motor commands () is similar for both
tilted cases at zero wind speed. However, the actuator usage of the H,, controller is 23% and 25% higher
than the BL tilted case at 5.6 and 12.8 m/s, respectively (Fig. 8d). This means the H,, controller yields
significantly improved station-keeping performance compared to the BL tilted configuration for only a
marginal increase in actuator usage. The BL controller on the planar case requires significantly more
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actuator usage across all wind speeds, which is again due to the lack of yaw authority. Resolving this
issue would involve replacing the motors and propellers with larger ones.

5.2. Vectored-thrust demonstration

To demonstrate the vectored-thrust capability and validate the motor mixer presented in Eq. (16), an
experiment is carried out on the tilted-rotor octocopter with zero wind speed. The UAV is manually
flown at an initial altitude of 1.25 m. A step command is applied along the positive ®x-axis at t=0.5 s
(see Fig. 9a). Despite the command, the attitude of the UAV does not change significantly, with all angles
remaining below 0.25° (see Fig. 9b). Meanwhile, according to Fig. 9c, the UAV accelerates forward at
a rate of around 2.4 m/s>. Fig. 9d shows how the motor mixer immediately converts the desired Zx-axis
command to a PWM differential. Producing the horizontal acceleration without affecting the attitude of
the UAV validates the motor mixer matrix.

6. Conclusion

A robust H,, output feedback controller was designed and implemented within a cascaded control
structure to regulate the position of a tilted-rotor octocopter under wind disturbances while hovering
at a point. The tilted pattern of the octocopter allows for high-bandwidth, yet saturation-constrained
vectored-thrust, which is not feasible on typical tilt-to-translate planar UAVs. The problem of frequency-
dependent actuator allocation, which is largely ignored in current vectored-thrust UAV literature, is
solved by augmenting the plant model with weighting transfer functions. Reduced order H,, synthesis
is conducted on a linearized version of the augmented model to yield robust performance. 72 free-flight
wind tunnel tests were conducted at wind speeds of 0, 5.6, and 12.8 m/s to compare the H,, controller’s
performance to that of the BL controller on both a tilted and planar octocopter. The H,, controller sig-
nificantly reduced the RMS position error for a slight increase in actuator usage. The H,, RMS position
error decreased by 51% compared to the BL tilted case and 38% to the BL planar case. Conversely,
its actuator usage is 25% higher than the BL tilted case. In free-flight experiments, the octocopter pro-
duced a forward acceleration of 2.4 m/s?> when subjected to a vectored-thrust step while regulating its
pitch angle to less than 0.25°, successfully demonstrating the effectiveness of the new motor mixer.
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