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ABSTRACT This article discusses the benefits of introducing a simple passive mechanism to enable
rotor tilting in Vertical Take-Off and Landing (VTOL) multirotor vehicles. Such a system is evaluated in
relevant Urban Air Mobility (UAM) passenger transport scenarios such as hovering in wind conditions
and overcoming rotor failures. While conventional parallel axis multirotors are underactuated systems, the
proposed mechanism makes the vehicle fully actuated in SE(3), which implies independent cabin position
and orientation control. An accurate vehicle simulator with realistic parameters is presented to compare in
simulation the proposed architecture with a conventional underactuated VTOL vehicle that shares the same
physical properties. In order to make fair comparisons, controllers are obtained solving an optimization
problem in which the cost function of both systems is chosen to be equivalent. In particular, the control
laws are Linear-Quadratic Regulators (LQR), which are derived by linearizing the systems around hover.
It is shown through extensive simulation that the introduction of a passive rotor tilting mechanism based
on universal joints improves performance metrics such as vehicle stability, power consumption, passenger
comfort and position tracking precision in nominal flight conditions and it does not compromise vehicle
safety in rotor failure situations.

INDEX TERMS Urban air mobility (UAM), airtaxi, fully actuated vehicle, VTOL, LQR, optimal control,
wind gusts, rotor failure, vehicle performance metrics, universal joint.

. INTRODUCTION

NCREASING urban population and rising concerns about
Iatmospheric and acoustic pollution makes it crucial to
rethink mobility of goods and people in the city. Urban Air
Mobility (UAM) is a recent trend that seeks to leverage the
benefits of vertical takeoff and landing (VTOL) vehicles to
reduce traffic congestion, commuting times and pollution by
taking mobility to the third dimension [1]].

Progress in battery technology, microelectromechanical
sensors, microprocessors and digital control techniques have
recently boosted unmanned aerial vehicles, turning what
once was restricted to robotic research labs into a versatile Figure 1. Wingless VTOL passenger vehicle with a passive rotor tilting
tool with a broad variety of applications such as search and mechanism based on universal joints.
rescue operations, law enforcement, infrastructure inspec-
tion, traffic monitoring, agriculture or filming. Micro aerial

vehicles have even become a relatively common toy for the Driven by such revolution in the access to airspace, many
wide public. start-ups and large traditional aerospace companies around
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(a) Vehicle architecture A, underactuated

(b) Vehicle architecture B, overactuated

Figure 2. Reaction to a constant 30 m/s lateral wind speed by the two different models. Parallel axis multirotors are underactuated systems and must sacrifice cabin
orientation in order to achieve position control. Full-actuation in SE(3) can be obtained by introducing a simple passive mechanism.

the world are pursuing the vision of highly automated re-
duced size aircraft populating urban skies and transporting
people in the not so distant future. Most of the proposed
concepts and existing prototypes rely on the less noisy and
cleaner electric propulsion systems.

Similarly to what happens in today’s road traffic, several
vehicle architectures are expected to coexist, each fitting a
particular objective mission such as intracity air taxi oper-
ations, ferry substitutes, touristic attractions, air ambulance
operations, airport shuttles or intercity air transport [1]. On
the longer range and payload side of the spectrum, winged
VTOLs are to be found, with good cruising efficiency. On
the contrary, wingless multirotor VTOLs are expected to
cover shorter ranges and payloads of one to four passengers,
being valued for their maneuverability, hovering efficiency
and relatively smaller footprint.

This article is concerned with the latter class of VTOL
passenger vehicles. In particular, it aims to explore the impli-
cations that the addition of a passive rotor tilting mechanism
can have in terms of stability, efficiency, precision, comfort
and safety for wingless VTOL vehicles (see [Figure T)). The
here presented air taxi concept is inspired by a real prototype
currently being developed at Tecnalia.

In order to do so, the dynamic response to external events
such as wind gusts and rotor failures will be analyzed for
a conventional parallel axis multirotor in the spirit of cur-
rently existing prototypes such as EHang 216, Volocopter 2X
(which actually introduces fixed tilting in its propellers) or
CityAirbus, from now on denoted as vehicle architecture A
(24) and a multirotor with the proposed passive rotor tilting
mechanism, vehicle architecture B (2b).

A. RELATED WORK

Parallel axis multirotors (also known as collinear multirotors,
vehicles where the thrust vector generated by all propellers
is oriented in the same direction) are underactuated sys-
tems: they can not simultaneously control their location and
orientation. In recent times, aerial robotics community has
proposed multiple fully actuated vehicle architectures [2]].

2

Some of the vehicle architectures proposed in the literature
achieve full actuation by rotating the propellers with a fixed
tilting angle. This is the approach followed by the hexarotors
presented in [3]—[6]]. The authors of [[7]-[9] propose optimiz-
ing the propeller position and tilting angle to achieve omnidi-
rectional motion. This procedure of achieving full actuation
is mechanically simple but generates energy inefficiencies
because part of the thrust produced by the propellers is lost
generating internal forces.

Another group of vehicles makes use of dedicated actu-
ators to tilt the propellers. Rotor tilting is simultaneously
controlled by means of a single actuator in [10], switching
between an underactuated and a fully actuated configuration.
However, a more common approach is to actively control
the tilting of the propellers, either individually [1T]—[13]] or
collectively [14]], [15]. Fully actuated vehicles which rely
on dedicated actuators can avoid some of the inefficiencies
of fixed tilting vehicles by better aligning thrust, but at the
cost of increased system complexity and weight due to the
addition of extra actuators.

One last group of fully actuated vehicles consists of col-
laborative setups where multiple underactuated multirotors
are attached to a main body through a passive mechanism
providing a way of independently controlling the six degrees
of freedom of the central body. Each peripheral underactu-
ated vehicle can be seen as an orientable thrust generator that
modifies the control allocation matrix so that any acceleration
vector is reachable for the central body. Examples of this
approach include cable [16], or spherical joints based
systems [18]], [19]]. The universal joint based architecture pre-
sented in [20]] lays within this last category and it constitutes
the basis for the developments of this article.

B. CONTRIBUTIONS

This article is a continuation of the work presented in []215[],
studying the implications of applying such a passive rotor
tilting architecture to passenger transport. The main contri-
butions of this article are
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o Presentation of an accurate modeling and simulation
approach, with a procedure to determine reasonable
physical parameters.

« Proposal of an optimization based linear control strategy
and selection of cost function parameters to enable a fair
comparison between different vehicle architectures.

o Comparison metric definition to analyze vehicle perfor-
mance in terms of stability, efficiency, precision, com-
fort and safety.

« Extensive simulation to analyze wind rejection capabil-
ities and resolution of rotor failure situations.

C. STRUCTURE

This document is structured as follows: [section 11l describes
the modeling approach followed to characterize the vehicles,
as well as the reason behind the choice of all relevant pa-
rameters. Section [lII] describes the adopted optimal control
strategy and the choice of appropriate cost function parame-
ters to enable a fair comparison, [section IV|presents extensive
simulation results and [section Vldiscusses the conclusions of
this paper and proposes future research topics.

Il. DYNAMIC MODELS

In order to compare in simulation the dynamic behavior of
two different vehicle architectures, the first step is to develop
a mathematical model of both systems, that determines the
evolution of their states under different conditions

z=f(x,u,d) (D

where x, u and d are the state, input and disturbance vector,
respectively.

Literature is rich presenting dynamic models of parallel
axis multirotors, similar to vehicle A (e.g. [21]]). A derivation
of the equations of motion of the vehicle B architecture using
Newton-Euler formalism can be found in [20]]. Rigid Body
Dynamic Algorithms [22]] provide a general framework to
model dynamics of mechanical systems composed of mul-
tiple rigid bodies. Taking as an input the inertial properties
and kinematic constraints between the different rigid bodies,
the algorithms derive efficient code to compute its equations
of motion and even perform symbolic operations such as
differentiation of the equations.

Modeling and simulation in this work were performed
using the implementation of such rigid body algorithms
provided by Drake [23]] and an appropriate visualizer was

developed with MeshCat [24] (see[Figure 2)).

A. DEFINITIONS

According to Newton’s second law of motion, time invariant
mechanical systems can be expressed as second order differ-
ential equations of the form

M(q)-v = f(q.v,u), 2

where the configuration vector g and the velocity vector v
T .
compose the state vector of the system x = [qT, vT] , U 1S
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the input vector and M is the configuration dependent mass
matrix. A system is said to be fully actuated in state x if, for
every desired value ¥4, there exists a value of u capable of
producing such a behavior [25]].

The generalized forces acting on the system can be divided
into actuation forces f, which depend on the input vector
uand not actuated forces f,, including Coriolis forces and
gravity.

M(Q)'@:fna(qav)+fa(Q7v>u)a 3

Whenever a dynamic system can be formulated as a control
affine expression

fa(q,'v,u)ZB(q,’u)-u, (4’)

where B is the control allocation matrix, the full actuation
condition in state &g can be stated as

rank {B (o)} = dim {v}. )

However, instead of considering full actuation in the entire
state space, it is sometimes useful to refer to full actuation in
a particular subspace of the system. The configuration space
defined by the three dimensional special euclidean group
SE(3) is of particular interest, as it includes the six degrees
of freedom required to specify the orientation and translation
of a rigid body in space [26].

Considering the subset of equations of motion correspond-
ing to translation and rotation,

M (q),v‘? :fia(q7v)+f2(q?vau)7

the system is said to be fully actuated in SE(3) in state x
if for every v there exists a control input u capable of
producing such a behavior.

Control input of multirotor aerial vehicles can usually
be expressed as u = [un,ua]T, where w,, contains the
square of propeller speeds and wu,, the control action affecting
propeller tilting angles o [2]. Depending on the setup, uq,
can consist of a torque, angular speed or directly the tilting
angle.

Under such conditions, the SE(3) equations of motion
expressed in the vehicle reference frame transform into

M®(q) - 0° = £, (q,v) + B® (@) - un. D

v* € R® (6)

When propeller tilting angles are fixed (dim {u,} = 0),
full actuation in SE(3) can be checked by

rank {B°} = 6. (8)

When they are not, dynamic full actuation is defined as
the existence of a control input trajectory u(t) such that the
acceleration trajectory ©°(t) converges to any desired value
Vo (t) = 03,

One way of checking the existence of such a trajectory
u(t) is by making the following variable transformation

B*(@) - Uy, = B® - @(un, a), 9)

3
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Figure 3. Propulsion unit model. Motor speed reference is saturated to the
sat sat

range n;cy € [0, nmaz] and motor torque to the range 7,.*" € [0, Traa)-

where the new input vector @ = p(u,,a) represents the
independently controllable projections of the propeller speed
vector. If

rank {BS} -6, (10)

there exists a @ for every v;; and the required propeller angu-
lar speed u,, and tilting angle o can be retrieved inverting
the projection operation [un,a] = p~!(a). Thus, if the
low level controllers can find a suitable trajectory of we (%)
to reach the specified «, the system is dynamically fully
actuated in SE(3).

Systems which do not satisfy the full actuation condition
for any state are said to be underactuated systems. On the
contrary, systems which satisfy the full actuation condition
over a broad region of the state space are commonly referred
to as fully actuated systems, even if they can become under-
actuated in singular configurations or due to actuator or state
saturation.

Aerial robotics literature [2]] denotes as overactuated the
vehicle architectures that besides fulfilling sat-
isfy that

dim{u} > dim {v°} = 6. (11)

Thus, the same set of accelerations ©° can be achieved with
different combinations of w, which introduces optimality
considerations in the control allocation problem. Another
subset of fully actuated aerial vehicles are omnidirectional
vehicles, which are capable of generating net thrust in any
direction regardless of their cabin orientation.

In this sense, vehicle architecture A is underactuated as
it does not fulfill[Equation 8] whereas B is overactuated (and
thus fully actuated) in SE(3). Dynamic full actuation in SE(3)
is satisfied because it is possible to independently control
net force and torque in the three spatial axes, satisfying
Because dim {#} = 16 > 6 the vehicle is
also overactuated. Besides, being rotor tilting dynamics much
faster than cabin dynamics, transient periods to reach v, are
small. Refer to [20] for more details.

B. VEHICLE DYNAMICS
Both vehicle architectures share a similar structure. The
passenger cabin is united by means of rigid arms to four rotor
modules M;, i = 1,...,4. Each of these modules has four
propulsion units P;, j = 1,...,4, composed of a propeller,
an electric motor and an Electronic Speed Controller (ESC).
Moreover, both vehicle architectures have the same input
vector u € R'® composed by sixteen propeller reference
speeds npery5; ¢ = 1,...,4; 5 = 1,...,4. These reference

4

speeds are saturated to nff;} € [0, nymaz) and introduced into
an ESC, which is modeled as a sufficiently high proportional
gain kgsc. The output of the controller is motor torque 7,,.
Motor torque is assumed to always be non-negative, implying
that regenerative braking is not considered. Besides, maxi-
mum motor torque is limited to Tynaz, T2 € [0, Tinaz) (se€
F1g ).

Each propeller is assumed to instantaneously generate
force and torque proportionally to the square of its angular

speed

fij = kg, (12)
Tij = kenj;. (13)

Applying Euler’s second law of motion to a propulsion unit
leads to

I n=1, -1 (14)
=kgsc - (Npef —n) — ky - n? (15)

where 7, is motor torque, 7,4 propeller torque caused by aero-
dynamic drag, I the rotational inertia of propeller and rotor
and n the angular acceleration. Provided that kpsc > k-,
the closed-loop system can be approximated by first-order

dynamics (see with time constant and gain
=1 /kgpsc Ky, =1. (16)

The only difference between both architectures is that
in vehicle A the modules are rigidly attached to the arms
whereas in vehicle B a universal joint is used to connect
them. Universal joints introduce two rotational degrees of
freedom between each rotor module and the vehicle cabin
9i S [_ema;ta emax] and ¢i € [_¢mam7 ¢ma;ﬂ]~ Joint range
limitations are imposed by means of contact constraints in
simulation, which turns the model into a hybrid dynamics
system, as continuous time dynamics can be altered by a
discrete collision event. Universal joints transmit net thrust
produced by the rotor modules to the cabin as well as the
projection of the net torque vector in axis z; (see[Figure 4).

Hence, not only system equations are different, but a
different state vector is required to describe the motion of
each vehicle

A =Af (A, u,d) 17)
P ="f Pz, u,d). (18)

Vehicle cabin attitude is characterized by means of quater-
nions, which avoids the singularity of minimum coordinate
representations such as Euler angles.[Table T|shows a detailed
description of the state vector for each of the vehicles.

Vehicle dynamic equations are propagated forward in time
by means of a variable step third order Runge Kutta in-
tegrator. Fast execution is traded off with accuracy with a
parameter « as described in [27], such that ¢ = 107"
roughly corresponds to an accuracy of n correct significant
digits per result. Simulations in this paper were carried out
with a value of o = 1073.
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T ji=T;
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Figure 4. Detail of an universal joint and its mathematical representation as
two pure rotations. Universal joints transmit forces in every direction and
torques along axis zs;.

Table 1. Breakdown of the state vector for the two vehicles.

State Symbol Vehicle A Vehicle B
Subgroup ymbo Ag € RY Byr ¢ R6L
quw qu
Orientation q G da
qy qy
qz qz
Tx Tz
Position r Ty Ty
Tz Tz
Rotor Module ) ¢i, t=1,...,4
Orientation i 0;, i=1,...,4
Aigs Aigs
ol isilia =i
j=1,...,4 j=1,...,4
Angular w :jx Zx
Speed N Y
Wy Wz
Linear » :gc :”
Speed Y Y
Tz Tz
Rotor Module o Wei, t=1,...,4
Angular Speed * wyi, 1=1,...,4
Nij, Nij,
P"S"p;léer n i=1,...,4, i=1,...,4,
P j=1,..,4  j=1,...,4

C. REDUCED VEHICLE DYNAMICS

For controller development purposes, it is useful to find a
simplified dynamic model of the vehicles with a reduced state
vector that captures their essential dynamic behavior

"= f" (", u"). (19)

Such a simplified system makes use of ZYX Euler Angles
to represent rotations: yaw (v), pitch (#) and roll (¢), n =
{gb,&,w}T. Even if such a parameterization is not free of
singularity, it is useful to linearize the dynamic equations.

VOLUME 9, 2021

Motor dynamics are neglected, assuming that propeller
speed can be directly controlled, which leads to a reduced
size state vector *z"” € R'2, Bx" ¢ R?®. Besides, propellers
are represented as flat, uniform discs with negligible gyro-
scopic and inertial effects. Taking into consideration [Equa-|
ion 12|and[I3] an input variable transformation is carried out

=, m=1,...,M (20)

so that the simplified system can be expressed in a control
affine form

" =f, (@) +Bx")u. 21
D. PARAMETER SELECTION
Realistic parameters are indispensable for accurate simula-
tion, this is why, whenever possible, commercial components
are selected to take parameters from their publicly available
technical data sheets. The first step in component selection
is the specification of an objective mission for the vehicles.
In this case, such an objective is defined as the capability
to hover in place with a payload of m,,, = 100kg for at
least t,,, > 15min, while keeping a thrust to weight ratio
of at least r;2,, = 2 to guarantee maneuverability. Assuming
that the mechanical structure, cables and electronics add up
to myest = 150kg, the total mass of the vehicle is given by

mr = Mpay + Mpqt + 16 - Mprop + Myest, (22)

where myq, is the battery mass and 1,0, is the mass of a
propulsion unit composed of ESC, motor and propeller.
Taking for example the product line of the manufacturer 7-
Motor, it can be concluded that a reasonable propeller diame-
ter to achieve the desired thrust to weight ratio is &, = 47 in,
with a corresponding battery mass of mp,: = 162kg and
a total mass of mp = 489kg. Therefore, the commercial
components listed in are chosen as a reference
propulsion unit to determine the vehicle parameters.

Table 2. Commercial propulsion unit taken as reference.

Component  Model

ESC T-MOTOR FLAME 280A-HV
Motor T-MOTOR U15L KV43
Propeller T-MOTOR 47x18 CF

The procedure detailed in [28]] can be applied to check if
the designed system satisfies the objective mission. Propul-
sion unit manufacturers provide empirical data that relates a
set of propeller angular speeds n with other relevant quanti-
ties such as generated thrust, torque or consumed current

f=1frn) (23)

7= fr(n) (24)

I. = f1.(n). (25)

Force equilibrium leads to the following hovering condition
mT'g:Nr'f(n*)a (26)

5
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Figure 5. Least-Squares parametric estimate of the thrust and torque
produced by the chosen propulsion unit.

where n* = 2217rpm = 232.17rad/s is the propeller
angular speed required for hover and N, is the number of
rotors.

Assuming a battery pack made of generic lithium ion cells
with a specific energy of pp,: = 160 Wh / kg and taking into
account the ESC voltage provided by the manufacturer U, =
100V, the total battery charge is

Mpat * Poat

C= i

= 260 Ah. (27)
Imposing for safety reasons a minimum charge reserve of
20%, total hover time can be determined
08-C
thov = ————— = 25.2min, 28
h N, L) min (28)
where I.(n*) = 31.0A.

Defining n € R¥s» as the vector of angular speed sample
points at which the manufacturer provides empirical data and
n? € RN as the vector satisfying n?(i) = n(i)%,i =
1,..., Ngp. Parameters k¢ and k. of equations @ and
can be determine from look-up tables 23] and 24] as a Least-
Squares problem

k¢ :aurgn%ifnHff('n)—kf~n2||2 (29)
k. = argn}iiTn HTd(n) — k- n2H2 (30)

with a well known closed form solution.

i T
ky =n?"- fr(n), 2

kr =n?' - 14(n) (31

where n2' denotes the pseudo-inverse of 12
-1
nzT = (nzT . n2> . n2T. 32)

The results of such an estimation for the chosen components

can be seen in[Figure 3| where
ky =5.64-107°N-s?,  k, =3.00- 107" Nm-s®. (33)

3 40

=

g 20 4 —— Reference

g —— Response
0- T T T T T T

0 0.2 0.4 0.6 0.8 1
t(s)

Figure 6. Step response of the propulsion unit can be characterized as a first
order system with time constant = = 40 ms.

The selected motor has a velocity constant of k, =
43rpm/V and a peak current of I,,,, = 160 A for 120s.
Maximum torque is derived form those quantities with

lma;c
kv ( )

Which corresponds with a maximum torque of 7,4, =
66 Nm. Maximum commanded speed is taken from manufac-
turer tables at full throttle 1,4, = 3113 rpm = 326.08 rad/s.

The determination of inertial parameters of the vehicle
is performed with the help of CAD software where the
vehicle geometry and material (mainly composite materials)
are specified. Passenger inertial properties are taken from
[29] and extra payload is assumed to be a homogeneous cube
of 40cm. All inertia is considered to be referenced to the
center of mass of each body and expressed in their principal
axes of inertia which, assuming symmetry, implies that only
diagonal inertia matrices are considered. Inertia is grouped
in three rigid bodies: the cabin (including arms, passenger,
payload and battery), the rotor modules (including ESCs and
motors) and the propellers. Resulting values are detailed in

[Table 3|

Table 3. Chosen inertia parameters.

Ixx (kgm?) Iyy (kgm?) Izz (kg m?)
Cabin 1.76 -10? 1.26 -102 1.40 -102
Module 9.25 9.25 18.07
Propeller 8.01-10~%  4.01-102  4.07-10~2
With those inertial parameters, shows that

choosing kgsc = 11is leads to a first-order dynamic response
with time constant 7 = 40ms (see [Figure 6), which is
fast enough to provide good control, while avoiding stiffness
issues and power spikes.

The separation between rotor module attaching points is
Az =1m,Ay = 2.16m, Az = 0.72m and propellers have
a separation of Ar = 1.2m inside the module. Universal
joint range is limited t0 ¢.naz = Omaz = 45°.

E. WIND MODEL

An effective way to test the performance of the two vehicle
architectures is to analyze their reaction to wind disturbances.
Wind speed exerts aerodynamic forces such that

1
Fwi :E'pa'CDi'Ai'U'wia L=1,y,2 (35)
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where p, = 1.225kg / m3 is the air density at the sea level
and 15°C, Cp; is the drag coefficient of each axis, A; is the
projected area of the vehicle and v,,; is the wind speed. Some
values for the vehicles of this study are proposed in|[Table 4|

Table 4. Values of area and drag coefficient in each axis.

Axis X y 7

A(m2) 397 494 543
Cp 045 050 0.5

Wind speed can be divided in two components: turbulence
and gusts. Turbulence causes random but correlated varia-
tions in wind speed and it can be efficiently modeled as a
stochastic process. Wind gusts constitute a sudden coherent
variation of wind speed in a definite direction [30].

Traditionally, turbulence modeling for large aircraft travel-
ing at high speed has been performed by means of the Dryden
and Von Kdrman stochastic models, which define a specific
power spectrum that realistically matches the frequency con-
tent of wind at such conditions. However, [31] proposes a
simpler approach to model wind turbulence at low altitudes
and speeds by filtering white Gaussian noise with a first order
low-pass filter, what is known as a first order Gauss-Markov
process

. t
Vg, = — Qi * Uy, + by - Wy,

w;

i=x,y,z  (36)

where w; is a zero mean and unit covariance white Gaussian

noise. corresponds to a first order transfer func-

tion with time constant and gain

Twi, - 1/(17:, Kw,; == bi/aiv 1= xr,y,z. (37)

While turbulence generates realistic conditions to test the
controllers, the goal of this investigation is to analyze the
behavior of two vehicle architectures in windy environments
of different severity. Such an environment can be simulated
by means of wind gusts of varying amplitude. Wind gusts
are modeled with the analytical expression proposed in [32]
for extreme operating gusts, which provides a characteristic
symmetric gust shape

vd, = —Awvgsin (3#%) (1 — cos (2#%)) 0<t <ty (38)

where Awv, is the relative gust amplitude, which can be
approximately correlated to mean wind speed by
Avg =0.25 - vy 39)

and ¢, is the total gust duration, which is linearly correlated
to the relative gust amplitude

ty=0.71- Av, + 3.51. (40)

Wind gusts are assumed to affect exclusively the horizontal
plane, with random direction.

Total wind speed is computed by adding turbulence, gusts
and wind mean speed

Vw = th + vwg + ,me (41)
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Figure 7. Example of simulated wind force application point and wind velocity
curves with A, = 25 m/s.

and the force application point is assumed to also vary as a
first order Gauss-Markov process around the center of mass
of the vehicle, with time constant 7., and gain K, leading
to the exertion of not only force, but also net angular moment.

States corresponding to wind turbulence and force appli-
cation point are initialized zp = 0 at the beginning of every
simulation episode and are integrated forward in time by
means of the explicit Euler procedure, with a fixed sample-
time of AT = 10 ms.

Simulations are performed considering a total gust episode
duration of ¢, = 15s. According to Beaufort wind scale,
wind speeds of over 32 m /s are present in hurricanes. Thus,
present simulations consider mean wind speed variations in
arange v, € 0 —30m/s. Parameters corresponding to the
dynamics of wind turbulence and wind application point are
set to Ky = 100, 7 = 10, K4, = 20, 7qp = 20. Such
a combination leads to random wind speed and application
point patterns like the ones shown in [Figure 7}

lll. CONTROL

In order to make a fair performance comparison of two simi-
lar but different vehicle architectures, an equivalent control
law is required, so that none of the vehicles is penalized
due to its control algorithm. One way of achieving such an
equivalence is making use of optimal control strategies [33],
where the control designer only has to specify a general
structure of the controller and some high-level performance
criterion (a cost function) and the details of the control
algorithm are left to numerical optimization.

A. LINEAR-QUADRATIC REGULATOR (LQR)

A particularly simple optimal control algorithm is the Linear-
Quadratic Regulator (LQR), which corresponds to the opti-
mal linear controller when the system of choice is linear and
the cost function is quadratic. Even if these conditions are
quite restrictive, it is possible to approach many nonlinear
systems of the form

= f(z,u) 42)

7
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by their linear approximation making a first order Tay-
lor expansion around an equilibrium point g, such that

f(w(),’u,()) :0
. Of (z,u)

TR ———= (x — o)

of (z,u)
ox +

Ou (u = uo)
Lo,Uo

(43)

Which can be converted to the standard linear state-space

form

Zo,Uo

= Az + Bau. (44)

A frequent objective in controller development is to stabi-
lize the system around an equilibrium point, making use of
limited control effort. This goal can be expressed with a
quadratic cost function

J= / (2"Qz + u"Ra) dt, (45)
0

where Q is a symmetric positive semidefinite matrix that
weights the cost associated to each state and R is a symmetric
positive definite matrix that weights the cost of each control
action.

The optimal cost-to-go function J*(&) for a linear system
with a quadratic cost function is known to also be quadratic
[25]

J*(z) = 'Sz, (46)

with S symmetric positive semidefinite. Both optimal cost-
to-go function J*(Z) and optimal policy @* of the controller
must satisfy the Hamilton-Jacobi-Bellman (HJB) equation
[33] and, when the system is controllable, this leads to an
optimal policy of the form

"= -R'BTSz = —Kz. 47)

When the LQR problem is formulated as an infinite horizon
continuous-time problem, the matrix S can be determined by
solving a continuous-time algebraic Riccati equation

0=SA +ATS-SBR 'B'Ss + Q. (48)

Thus, the optimal controller gain matrix K can be conve-
niently computed offline, finding an explicit expression for
the optimal control law

u =ug—K(x—x). (49)

Applying the LQR controller to nonlinear systems like[Equa-|
[tion 42] does not yield optimal results all over the state-space,
but it provides a very computationally efficient algorithm
to stabilize the system around a region of attraction of the
equilibrium point.

A simple way of making the LQR algorithm robust against
system uncertainty and unmodeled phenomena is the inclu-
sion of integral terms. However, the goal of this exercise is
to compare the performance of two architectures in the same
conditions, therefore, no integrator is introduced to minimize
complexity.

8

B. LQR COST COEFFICIENT SELECTION

Determining a set of coefficients for matrices Q and R is
not a trivial task. The number of free parameters to tune
controllers for both vehicles adds up to 756. These param-
eters should provide to the controller information about the
relative importance of each state and control signal in the
overall control problem, taking into account the units in
which each magnitude is expressed. Depending on the chosen
coefficients, the vehicle performance can vary significantly.
Thus, it is required to find a set of reasonable coefficients
that leads to a fair comparison between the two vehicle
architectures.

Whenever there is not any particularly strong penalty asso-
ciated with simultaneously having error in a combination of
states or with making simultaneous use of a set of actuators,
it is common practice to neglect the non-diagonal elements
of both matrices, which ostensibly reduces the set of free
parameters to 72.

q 0 0 r1 0 0
Q=19 ol R=1o 0 (50)

A simple procedure to find reasonable parameters was
proposed by Bryson [[34]]. The idea is that the control designer
should specify “acceptable” deviations from equilibrium
for each state z¢ and control action @, which are, based
on knowledge of the system, considered to be equivalently
pernicious for the control performance. Then, each cost co-
efficient can be chosen so that the following conditions are
met

qn - (T2)? =1 n=1,....,N 6))
P - (0%)% =1 m=1,...,M (52)

Because the systems studied in this work exclusively have
one type of actuators, we establish as reasonable that

T =1 = 1/(0%)* m=1,....,M (53)

Taking horizontal symmetry into consideration, it is possi-
ble to reduce the number of free parameters by aggregating
horizontal translational and rotational states in more general
categories. This leads to the following set of 20 parameters,
to be determined by the controller designer:

A,aa Aﬁgy A’lLa Afgy Aza A—~a A—-a Aza Asa

Tz wzy Wy Uzy Uz

Bsa Bsa B,ja Bza Bza Bsa B~a B—a B;a Bra B—a
u nwy Txy T np w;cy Wy ny Uz o‘)p

However, in order to make both models comparable, some
relationships must be satisfied by the parameters of both
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Vehicle A

Vehicle B

Figure 8. Bidimensional schematic representation of the correction

mechanisms of both vehicle architectures. In order to produce the same net

rotor inclination 7., vehicle A orientates the whole cabin *7,,, while vehicle B

gan either orientate the cabin Bﬁxy or the propellers with respect to the cabin
Mp-

vehicle models, so that they assign costs equivalently.

a* =*a" =Ba® (54)

e, ="re, =B, (55)

7o =Are =Pl (56)

vg, = "o, ="ug, (57)

o8 = A2 =By (58)

Mgy = iy, = Pilgy + i) (59)

P =g =By (60)

@y, =rwt, =B + Bl (61)

w0l =Ap? =Bae (62)

The rationale behind and [6]] is that, in both

systems, the horizontal translational error is tightly related
with the total orientation of the rotors. While model A can
only increase *7],, to produce a given horizontal force, model
B can produce the same force by combining B, with B7j,
(see[Figure §).

Equations [54] to [62] reduce the size of the independent
parameter space to a total of 11 free parameters, which can be
grouped under the labels of positions, velocities and actuation

(see TabIE ).

Table 5. Free parameters

Positions  Velocities  Actuation
na a
nzy B"Jzy
A T
Ny Wy a
a o2 i
ma Ha
Tzy Vzy
ra Ha

Considering and 48] one can infer that there

exist infinite pair of matrices Q" = a-Q, R’ = a-R such that
S’ = a - S, making the controller gain K remain the same.
In other words, scaling every free parameter by the same
constant would leave the resulting controller unchanged.

Having all these elements into consideration, the coeffi-
cient selection process is started by specifying position coef-
ficients. Given extensive simulation experience, we propose
the following values as reasonable:
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Table 6. Summary of chosen cost coefficients

w Ty PH%, Ot 7%, e oar, Pel, e oL, ot an
©) ©) ©) (m) (m) (/) ) ) (mfs) (m/fs) (radls)

Loose 30 0.1 1 0.5 0.01 30 0.1 0.5 0.1 0.01 50

Nominal 30 0.1 0.5 0.1 0.01 30 0.1 0.5 0.1 0.01 50

Tight 30 0.1 0.05 0.01 0.01 30 0.1 0.5 0.1 0.01 50

%, = 30°, Big, = 0.1°, ¢ = 0.5°,

Tgy = 0.1m, 72 = 0.01m

Due to the nature of these systems, tight precision require-
ments in the horizontal plane (low 77,) require relatively
large values of total rotor inclination 7,. The choice of
Bﬁgy < 1y, Was performed to encourage the relative motion
between rotors and cabin in model B, stressing out the
differences between models (Figure 8). A small 7¢ is required
to compensate the lack of integrator and guarantee reasonable
height tracking.

Similarly, the following maximum admissible velocity de-
viations are proposed :

o, = 30°s, Bog, = 0.1%s, @¢ = 0.5%,

zy
Ugy = 0.1m/s, 07 = 0.01 m/s
Given from that ug = 232.17rad/s and

Umaz = 326.08 rad/s we consider that a reasonable deviation
of the control action for the level of state error proposed is

u® = 50rad/s.

These values are the nominal coefficients chosen for the
comparison, however, in order to test the vehicles under a
broader variety of conditions, two other sets of parameters
will be tested, loosening and tightening the displacement
tracking requirements to vary the responsiveness of the con-
trollers. A detailed list can be found in

IV. RESULTS

In the following section, the performance of both vehicle
architectures is compared in terms of stability, precision,
comfort and efficiency for different wind conditions and con-
troller cost functions by means of extensive simulation. Be-
sides, safety is addressed simulating a rotor failure scenario.
All tests are conducted in hover, at the linearization point
used for LQR controller development. A video summary of
the here presented results can be found in the supplementary
material and in the link referenced in the abstract.

A. WIND DISTURBANCES
Fig Ol shows the simulated reaction of model A and B to

windy conditions like the ones described in
While both vehicles have equivalent controllers (see [subsec]

ftion TII-B), the response as perceived in the cabin is very
different: because of its full actuation in SE(3), vehicle B
requires minimum cabin oscillations to overcome the gust
and displacement error is smaller too.

Due to the randomness of wind models, extensive sim-
ulation is required to make general statements. Thus, in
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Figure 9. Cabin states reacting to a wind gust with v;* = 25 m/s and nominal
controller parameter set.

order to analyze the vehicle response to different wind gust
amplitudes, each episode of t, = 155 is simulated N, = 500
times for each vehicle at each value of mean wind speed in
the range v!) € [0,30] m/s.

At each episode, the following performance metrics are
collected:

« Stability percentage: The percentage of episodes

where the vehicle remains stable in hover conditions

pe= . (63)

An episode is considered unstable when the center of
mass presents a divergence from its reference position
greater or equal to 15 m (for loose state tracking param-
eters it is increased to 20 m) or the cabin roll or pitch
exceed 7/2rad.

« Mean power consumption: Episodic mean of the me-
chanical power required to maintain hover, it provides
information about the efficiency of each vehicle

P - I (ntT -T)dt

where n is the vector of propeller speeds and T is the
vector of motor torques. This magnitude is averaged
between the amount of episodes in which both vehicles
were stable N}

) (64)

N
SN P,

Py = &islomi 65

== (65)

S

e Maximum translation error: Maximum deviation of
the linear position coordinates inside an episode, it is
related with the safety distance required around the
vehicle.

Pay = ||7"9:yHooa (66)

Fr=|r. — TZOHOO (67)

Where 7, is the total horizontal displacement com-

puted as
Toy = \/T2 + 712 (68)

This magnitudes are averaged between the amount of
episodes where both vehicles where stable NV}
NI
. i—1Ti .
VL] i=uxy,z. (69)
« Maximum angular error: Maximum deviation of the
angular position coordinates inside an episode, it is a
proxy of passenger comfort. While passenger comfort
is a subjective magnitude, influenced by many factors,

large angular variations are assumed to be correlated
with greater passenger discomfort and feeling of danger.

Ny = ||77xyHoo (70)
e = |1n. — 77Zo||oo (71)

Where 77, = 1 and n,,, is the total horizontal rotation
computed as

Ngy = acos (cos ¢ - cos ) (72)

and it corresponds to the total angle between the ref-

erence axis zg and the zp axis attached to the vehi-

cle cabin. This magnitudes are averaged between the

amount of episodes where both vehicles were stable [V}
NI o

A > i1 i (73)

S == 1=y, 2.
3 N;k ’ y)

shows simulation results for each of the three
controller cost coefficients of Each graph required
simulating 14.6 h of flight per vehicle.

shows the behavior of both vehicles with controllers
optimized for the nominal cost coefficient set (see [Table 6).
When wind speeds are low, both vehicle architectures behave
similarly. However, as wind speed passes the threshold of
10m/s, model A percentage stability decreases to 92.36 %,
reaching 26.2 % for a mean wind speed of 30 m/s. Model B
shows better stability properties and it can reach as much as
99.8 % stability for a mean wind speed of 30 m/s.

Such a behavior is explainable because the LQR controller
can only stabilize the system around a region of attraction
where the linearization assumptions hold. Vehicle A is more
easily forced out of that region of attraction because it has to
move a larger inertia to orientate the net thrust vector and
is therefore slower. Besides, vehicle model A has a lower
yaw control authority, because it must correct yaw deviations
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Figure 10. Wind rejection performance metrics of the two vehicle architectures for different wind gust amplitudes and controller parameter sets. Every point is

averaged over the stable proportion of N. = 500 episodes.

exclusively with propeller torque, whereas vehicle model B
can combine it with thrust vectoring strategies.

Power consumption is very similar in both vehicles when
wind speed is low. As wind speed increases, energy consump-
tion increases in vehicle A, reaching up to 5.8 % more for
a mean wind speed of 30 m/s. Once again, such a behavior
can be attributed to the larger inertia and lower yaw control
authority of vehicle model A.

For the same reasons, horizontal displacement error
reaches 4.0 m in vehicle A and 2.0 m in vehicle B and vertical
error in vehicle A is 1.2 m whereas in vehicle B it is 0.2 m for
wind speeds of 30 m/s.

Regarding angular error, horizontal angular error is up to
an order of magnitude larger in vehicle A, which is reason-
able due to its underactuation, it is not physically possible
to minimize translation error without sacrificing pitch and
roll. It is remarkable however the large error in yaw angle
of vehicle A in comparison with vehicle B for high wind
speeds which can once again be attributed to the previously
mentioned reduced yaw control authority.

Loose position tracking coefficients are tested in[10a] The
effect of loosening position tracking is that stability is slightly

VOLUME 9, 2021

increased and power consumption slightly decreased, but at
the cost of substantially increasing translation and yaw error.
shows tight position tracking coefficients which lead
to very reactive controllers. Such controllers significantly re-
duce position error at the cost of decreasing vehicle stability.

As a general conclusion, making use of controllers opti-
mized against different cost functions, vehicle architecture
B shows a more stable behavior and it achieves similar or
less displacement error with less energy consumption and
drastically less variations in cabin orientation. It must be
remarked that these results were obtained for short episodes
(te 15s) and hovering conditions. Longer gusts could
affect mean consumed power and position error could be
reduced introducing integral terms in the controller. Besides,
following a cruising trajectory instead of hovering could also
affect the power consumption characteristics of the vehicles,
as vehicle model B could keep the cabin in its minimum drag
orientation. However, the goal of this exercise is to compare
the metrics of both architectures under the same conditions,
everything else being equal. The here presented simulations
enable to conclude that wind rejection capabilities can be

11
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Figure 11. The control algorithm is capable of finding nontrivial configurations
to overcome a propeller loss and stabilize the system.

improved by means of the proposed passive rotor tilting
mechanism.

B. ROTOR FAILURE

Even if vehicle architecture B shows good properties in
nominal operation mode, a reasonable concern is its ability
to deal with catastrophic events such as a propeller or motor
loss. While quadrotors must sacrifice control of a degree of
freedom when a rotor fails [35]], multirotors are well known
for the robustness provided by their redundant propulsion
system which allows them to perform a safe emergency
landing when a propulsion unit is lost [36].

In order to test the behavior of both vehicles when a rotor
failure happens, the LQR controllers developed in[section I11|
are employed with the nominal parameter set. Even if ad-
hoc controllers could be developed to gain command in such
circumstances, the focus here was once again on comparing
both vehicle architectures under the same conditions.

In the case of the fully actuated architecture, losing a rotor
implies the inability to further control the full orientation of
the corresponding rotor module. However, shows
how, making use of the linear controller developed in previ-
ous sections, the rest of rotor modules get to rearrange and
compensate resulting forces and moments.

shows a comparison of the cabin states of both
vehicle architectures reacting to a rotor failure at time ¢y =
2s. Stationary error is due to the divergence between the real
system and the nominal model of the system used to develop
the control law, which does not consider the rotor failure, it
could be improved adding an integral term to the controller or
switching to a different control law that explicitly takes into
consideration the dynamics of the new situation.

With the current control strategy, model A shows better
stabilization of angular position error. Nevertheless, both
vehicles are able to regain control and safely perform an
emergency landing. It should be noted that reducing the
universal joint range would lead to a smaller increase in
consumed power for vehicle B.
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Figure 12. Cabin states reacting to a propeller loss with nominal controller
parameter set.

V. CONCLUSIONS

In this work, a comparative analysis between two VTOL
multirotor vehicle architectures in common UAM scenarios
has been presented: a conventional parallel axis underactu-
ated vehicle and an overactuated vehicle with a passive rotor
tilting mechanism based on universal joints. The comparison
shows that, when controlled with linear controllers optimized
with respect to equivalent cost functions, the overactuated
vehicle is capable of achieving greater performance in terms
of stability, efficiency, precision and passenger comfort.

Besides, both vehicles have shown capability to overcome
a rotor failure situation, providing the required safety. Even
if the overactuated vehicle presents improvements in nominal
performance, it comes at the expense of worse performance
in degraded mode after a rotor failure. Nevertheless, the
overactuated vehicle is capable of guaranteeing stability and
a safe landing.

Future work could include the analysis of trajectory track-
ing controllers and forward flight operation, where the in-
fluence of drag on the cabin is likely to affect energy con-
sumption: overactuated vehicles are capable of maintaining
the cabin at the minimum drag configuration, while underac-
tuated multirotors must constantly adjust cabin orientation,
affecting drag and power consumption.
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