.org/

1mavs

[[WWW

http

IMAV2024-13

15" ANNUAL INTERNATIONAL MICRO AIR VEHICLE CONFERENCE AND COMPETITION

A nonlinear autopilot for a piloted Quad-plane
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ABSTRACT

Europe expects to realize urban air mobility
(UAM) in five years. The initial commer-
cial flights may require an onboard pilot, but
eventually, the operations will be fully au-
tonomous. Hybrid aerial vehicles that com-
bine fixed and rotary wing capabilities, such
as the Quad-plane, are emerging as the lead-
ing option for UAM. The Quad-plane com-
bines a quadrotor with a fixed-wing config-
uration. This article proposes a nonlinear
autopilot to simplify the pilot workload in
different phases of the aircraft flight enve-
lope. The nonlinear autopilot combines var-
ious nonlinear control techniques integrated
using a state machine. During take-off and
landing, in a quadrotor configuration, the
pilot controls the aircraft’s Cartesian posi-
tion while the autopilot stabilizes the atti-
tude and height. The autopilot also man-
ages the transitions from quadrotor to fixed-
wing aircraft and vice versa. While operating
as a fixed-wing aircraft, the auto- pilot com-
mands the aircraft’s aerodynamic speed, the
flight path angle, and the lateral dynamic.
The autopilot’s performance is evaluated us-
ing Software in the Loop (STIL) with a co-
simulation with MATLAB-Simulink and the
X-Plane flight simulator.

1 Introduction

In recent years, passenger transportation in
metropolitan areas has demanded solutions that
increase the quality of life and satisfy ecological con-
straints. The current technological improvements in
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electrical propulsion, digitalized air traffic control, and
flight control architectures are enabling the potential
introduction of electric vehicles that combine vertical
take-off and landing capabilities with the advantages
of fixed-wing configurations to propose innovative and
sustainable urban air mobility solutions [1,2].

The two most prevalent aircraft configurations in air-
craft design are the fixed-wing and rotary-wing config-
urations; their advantages and disadvantages are well-
studied and known. Fixed-wing configurations boast
higher cruise speed, endurance, and range than their
counterparts. Additionally, they can carry heavier pay-
loads. However, the main drawback lies in the fact that
fixed-wing aircraft need a runway for take-off and land-
ing, posing a significant challenge for urban air mobil-
ity solutions. On the other hand, rotatory-wing aircraft
have vertical take-off and landing capabilities and the
ability to hover. Nevertheless, they suffer from lower
cruise speed, endurance, and range than their fixed-wing
counterparts. Therefore, recently, aircraft designers have
been exploring new configurations aiming to combine the
advantages of both basic configurations, resulting in new
conceptual designs such as hybrid aircraft.

The leading hybrid aircraft configurations are tail-
sitter, tail-rotor, and tail-wing. In these configurations,
the whole aircraft, the rotors, or the wing are rotated
around the aircraft’s lateral axis to align the power plant
with the vertical or longitudinal axes according to the
flight condition [3]. Recently, a new hybrid configura-
tion, the Quad-plane, has been proposed. It is a straight-
forward combination of a quadrotor and a fixed-wing
aircraft. The main difference between a Quad-plane and
the other hybrid aircraft configurations, tail-sitter, tilt-
rotor, and tilt-wing, is that the Quad-plane has a rotor
dedicated to the fixed-wing aircraft configuration. As a
result, the Quad-plane has redundant control inputs in
some sectors of its flight envelope but is mechanically
the simplest among the other hybrid configurations.

The Quad-plane configuration has a greater flight
envelope, including VTOL capability and high cruise
speeds; for that reason, this configuration has become an
attractive alternative for multiple applications, whether
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civil or military, and a strong contender to provide air
urban mobility solutions. However, the tail-sitter air-
craft from [4] has proved to be efficient in many civil
applications.

Hybrid configurations have captured the scientific
community’s attention due to the complexity of the tran-
sition from one configuration to the other [5], [6]. During
the transition, the aircraft has over-actuated degrees of
freedom, requiring specific control inputs to avoid un-
desirable behavior. In particular, along the transition
from fixed-wing to rotatory-wing configurations, it is es-
sential that the control system for both configurations
work in a coordinated way to avoid the wing’s stall that
could create a descending acceleration that the rotatory-
wing configuration could not compensate for. Conse-
quently, flight control design for Quad-planes is an ac-
tive research subject. In reference [7], a robust nonlinear
controller based on the incremental nonlinear dynamic
inversion (INDI) approach so that the Quad-plane can
follow a given path autonomously. The controller is com-
plemented with reference models to the inner loops to
shape the input commands and provide feedforward in-
puts. Numerical simulations are presented to evaluate
the controller’s performance. The work reported in [§]
shows the design, dynamic modeling, and control syn-
thesis for a QuadPlane. For each flight mode, there is
a control algorithm; a four state hybrid automaton co-
ordinates the transitions among the control algorithms.
This control algorithm is validated through numerical
simulations. In [9], a model-based nonlinear weight as-
signment principle and an active disturbance rejection
control are proposed to improve the altitude control per-
formance during the transition phase. The effectiveness
of the aerodynamic model and controller is verified via
simulations. In [10], based on the sliding mode control
technique, an energy-effective altitude control law for a
pusher-type QuadPlane UAV in transition phases is re-
ported. The proposed control law estimates the aero-
dynamic forces along the longitudinal axis to optimize
the required energy to hold the aircraft at a desired alti-
tude. Simulation and actual flight test results show the
proposed control performance. In [11], a super twist-
ing sliding mode controller is designed to control the
Quad-plane altitude during transition phases. The pro-
posed algorithm is tested using actual UAV’s aerody-
namic parameters in the X-plane 11 simulation environ-
ment. In [12], a controller for all flight phases in a Quad-
Plane is reported. The controller is based on the Incre-
mental Nonlinear Control Allocation (INCA) technique.
This controller avoids negative wing angles of attack,
minimizing the loads on the rotors. Numerical simula-
tions and experimental flights are presented to validate
the algorithm. In [13], an observer-based optimal control
approach for active combined fault and wind disturbance
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rejection for a Quad-plane. The control synthesis con-
siders a linear model for the longitudinal plane and the
transition modes. A numerical simulation demonstrates
that for a typical Quad-plane flight profile at 100 m alti-
tude, the observer-based wind gust and fault correction
significantly enhance trajectory tracking performance.

Existing literature offers limited insights into the
nonlinear nature of the Quad-plane dynamics and its
full flight envelope. The framework presented in this
study fills these gaps by designing the controllers con-
sidering the nonlinear Quad-plane model and covering a
full flight mission from take-off to landing, going through
the transition from quadrotor to fixed-wing aircraft and
viceversa. This novel approach is a significant step to-
ward understanding the Quad-plane capabilities.

Hence, this work introduces a nonlinear autopilot for
different phases of a Quad-plane flight envelope, includ-
ing the crucial transition from rotatory to fixed-wing
configuration and vice versa. The autopilot is based
on various control techniques and includes an exogenous
disturbance estimator based on immersion and invari-
ance [14]. For take-off and landing, the nonlinear autopi-
lot commands the quadrotor attitude around the lateral
and longitudinal axes, the angular speed around the ver-
tical axis, and the height. The pilot controls the Carte-
sian position. For the transition mode from quadrotor
to fixed-wing, the fixed-wing power plant accelerates the
vehicle until the longitudinal speed is bigger than the
wing stall speed; in this flight phase, the autopilot com-
mands the vehicle’s attitude using the auditor power
plant. Once this condition on the longitudinal speed is
satisfied, a longitudinal autopilot based on the Total En-
ergy Control System approach commands the aircraft’s
aerodynamic speed. At the same time, the pilot can con-
trol the aircraft’s translational position. This work is a
direct continuation of the preliminary report in [15].

The outline of this report is as follows. Section 2
presents the QuadPlane dynamic model that will be
taken into consideration for the control algorithms de-
sign. Section 3 addressed the control algorithms for each
flight phase. Section 4 reports state machine that mixes
each algorithm in order to achieve a smooth transition
from pure mode flights. Section 5 presents the numeri-
cal simulation results obtained using the flight simulator
X-Plane. This work ends at section 6 with some remarks
and conclusions.

2 Quad-Plane dynamic model

The critical flight phase for a Quad-Plane aircraft
happens at the transition from fixed-wing to rotatory-
wing configurations and vice versa. Since the aircraft
must hold a speed higher than the wing stall speed in a
fixed-wing configuration, the transition’s main features
occur on the longitudinal plane. However, the whole
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rotational dynamic must be considered since the lateral
movements and rotation around the vertical axis must
be kept bounded.

The Quad-plane model considered in this work is
shown in Figure 1. The aircraft has four rotors as the
power plant for the quadrotor configuration r;, i = 1,4,
and a fifth rotor r; for the fixed-wing configuration.
Moreover, the vehicle has ailerons, elevators, and rud-
der for fixed-wing operation.

Elevator

Rudder

Vertical axis
Aileron

Figure 1: QuadPlane model. Body coordinated axis sys-
tem 0z%y°2% and inertial coordinated axis system 0zyz*

The following differential equations describe the
Quad-plane longitudinal translational dynamic model in
mixed body and inertial coordinates [16]

Z = —usp+ wcy
mu = —mqw —mgsg +qSCy + kmgodr (1>
mw = mqu+mgcy +qSC, — Tr

with z the aircraft inertial position along the 0z¢ inertial
axis, v and w are the velocities along the 0z? and 0z°
axes, respectievly. 6 is the pitch angle, m the Quad-plane
mass, ¢q the pitch angular speed, g the gravity constant,

1
q= §P(U2 +w?)

the dynamic pressure, with p the air density, S the Quad-
plane wing surface. Moreover, 7 € (0, 1) the accelerator
position for the fifth rotor, and Tr = S, T} the total
thrust generated by the quadrotor’ rotors. Finally, C,
and C, are the aerodynamic force coefficients.

The rotational dynamic model is given by

R:
JQ =

RS(Q) @)
—-S(Q)JQ+ Mp + M},
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with R € SO(3) the rotation matrix, with
SO(3) = {R e R”*|RTR = I,det(R) = 1}

The map S() : R® - 50(3), with so(3) the Lie algebra
of SO(3), is defined as a x b = S(a)b for all vectors
a,b € R®. Moreover, Q = P q T]T is the angular
velocity in the body coordinates, and

b(Cl() + Cléa Oa + Clér (57»)
Mp =qS &(Con () + Cing, 0e)
b(Cn(') + Cnaa 0o + CMT 5T)
are the aerodynamic moments® in fixed-wing configura-
tion, where b is the wingspan, C;(-) the roll aecrodynamic
moment coefficient, Cj; and Cj; the roll and yaw aero-
dynamic control coefficients, respectively, §, and J,. the
aileron and rudder deflection angles, respectively, ¢ is the
wing mean aerodynamic chord, C,,(-) the pitch aerody-
namic moment coefficient, Cy,; the pitch aerodynamic
control coefficient, d. the elevator deflection angle, Cy, ()
the yaw aerodynamic moment coefficient, C,;, and Cy;,
the roll and yaw aerodynamic control coefficients for
yaw, respectively. Finally,

Mg W(Th+Ty— T3 —T3)
My = | My | = |lo(Ty+ Ty — Ts — Ty)
M}, Q1+ Q3—Q2— Q4

are the applied moments in quadrotor configuration with
Iy and Iy the distances from the 0z%, 0y’ axes to the
rotors’ position. T;,7 = 1,2,3,4 the thrust generated
by each rotor and @Q;,i = 1,2, 3,4 the counter-rotating
moment produced by each rotor.

Note that in both configurations, the rotational dy-
namic is fully actuated. However, the control moments
from the aerodynamic surfaces are effective only after the
Quad-plane aerodynamic speed is higher than the stall
speed; below the wing stall speed, these aerodynamic
moments act as disturbances for the quadrotor configu-
ration. Conversely, the control inputs for the quadrotor
configuration and the fifth rotor are available for the en-
tire flight envelope.

3 Control Algorithms.

This section presents the control algorithms that are
used during the transition phase from rotatory-wing to
fixed-wing and vice versa. The control algorithms were
developed using different control techniques and distur-
bances estimators making use of immersion and invari-
ance.

L(.) represents the aerodynamic coefficients dependency on the
aerodynamic angles, the angle of attack and the sideslip angle, the
Reynolds number, and the angular velocity [16].
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3.1 Attitude
(AAQC)
The attitude autopilot in quadrotor configuration
works during take-off and landing procedures. Thus, the
objective of this autopilot is to command the Quad-plane
angular position around the lateral and longitudinal axes
and the angular velocity around the vertical axis. The
pilot can modify the angular and angular speed refer-
ences to command the vehicle’s position in the Cartesian
plane.
The rotation matrix R is parameterized using the
Tait-Bryan angles to design the AAQC autopilot

autopilot in quadrotor configuration

CyS9Cy + SoSy
CpSHSyy — SeCy
CoCy

CCyy  SpSHCyy — CHSy)
CoSyp  SpSeSy + CoCy
—Sp CoS¢

R =

with ¢ the roll and yaw angles, respectively. By intro-
ducing the following notation for the columns of the ma-
trix R

R= [rlT Ty T3 ]

the first equation from (1) can be written in the following

form [17]
7;1:7“1><Q, ’I"QZT‘QXQ, r3 =13 X )

On the other hand, note that the gravity force acting on

the vehicle expressed in body axes reads as

ng = RTng = mgrs
where Fg = [O 0 mg]T. Hence, the AAQC objective
is stated as follows: design control inputs M, g to align the
vector r3 with e, = [0 0 1] and to keep r = 0 for take
off and landing and to 3, = [—Sed Co4 Sy cedc(z,d} and
rq = 0 for pilot commands.

The autopilot is designed following the nonlinear ap-

proach proposed in [18]. Thus, the attitude error is de-
fined as 73 = r3 x r3,. Then, one obtains

Py = —S ()5 — S(rs,)S (r5)<2 (3)

with Q = Q — Q4. Assuming that the references send
by the pilot are piece wise constant, it is considered that
73, = 0. The reference for the angular speed sent by the
pilot is considered by defining 0, = [0 0 rd] ’

The angular velocity error dynamic is described by

0 = J! (—S(Q)J(Q +Q4) — S(Q4) T

S (4)
—S(Qq)J0g + MY + MQ)

with rg assumed piece wise constant.
It is important to note that under low values of veloc-
ity, Mlbg takes values close to zero, so it can be considered
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a disturbance. Hence, for control design, the dynamic
model (4) is expressed as

JO = —S(Q)J(Q+Qa) — S(Q)JQ+ MY+ 6ur

) (5)

with oy = —S(Q4q)J Qg + Mlbg modeling a disturbance
with upper bounded first time derivative, this is, ||da/]] <
ko for some constant k.

The following controller is proposed

MYy = —Kpis — KpQ — oy — TJQ (6)

with Kp, Kp and I' positive defined matrices. The error
dynamics (3)-(5) in closed-loop with (6) reads as

—S(Qq)73 — S(r3,)S(r3)Q

.
JQ = —S(Q)J(Q+ Q) — S(Q)JQ — Kpi's 7
—KDQ+5M
gM = _FSM+5M
where
ov = Ou—ou —TJQ
by = fI‘(fS(Q)J(QJer)*S(Qd)JQJrSM

I + M)
N X (8)
with M the disturbance estimation error and M the state
of the disturbance estimator.

8.2 Height Autopilot
(HAQC)

The HAQC aims to command the vehicle’s height
during take-off and landing operations without vertical
speed measurements. The HAQC uses the quadrotor
power plant to achieve this objective. For autopilot de-
sign, the following model is considered

i Quadrotor Configuration

;L = —WCeCy
9
W = geg— I+, ®)

with h = h — hy the heighterror, h the actual height
and hg the desired constant height. &, = qu +qSC./m
represents a disturbance. Once again, it is assumed that
|(5z| < k1 for some constant k1. The following control
law is proposed

Tr = m(—kph + ka( — y1h) — v2( — y1h) + &) (10)
where k,, kq, 71 and 7, are the autopilot gains, and

w

= g+ 6w — 2(tb — 11h) — Tr/m
- +91 (0 — y1h)ce (11)
dw = 72(gce + 0w —Y2(W —y1h) —Tr/m)
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where w is the vertical observer state, 5y is the state
of the disturbance estimator. This observer/estimator is
designed following the procedure reported in [19].

The system (9) in closed-loop with (10) and (11) is
descrbed by

}LL = —Wcey
W= 5w =+ ’7111706
Sw = _717212)69 + Sw
where B
w = w—w+mh
dw = 5w_5w+72(w_71h)

are the vertical speed observer and the estimation errors,
respectively.

3.8 Longitudinal Velocity Autopilot in Quadrotor Con-
figuration (LVAQC)

The LVAQC works only during the transition from
quadrotor to fixed-wing. The desired velocity is set as
the wing stall speed, and the fifth rotor is employed to
attain it. In this flight state, the aircraft could accelerate
longitudinally using the quadrotor power plant or the
fifth rotor power. Here, it is proposed to use the fifth
to accelerate longitudinally and to control the vehicle’s
attitude using the quadrotor power plant. The autopilot
is designed considering the following dynamic model

U= —gsp + kg + Iy (13)

where 07 is the accelerator position for the fifth rotor
and 0, = qw + qSC}, is considered as disturbance with
upper bounded first time derivative. Thus, there exist
ko such that |6,] < k.

The following autopilot algorithm is proposed

oy =

. Rig(fk:p“ﬁ + gsg — o1t — 0y,)
oy = )

(14)
—01(—gsg + o1u + Kgér + dy,)

with k,, and ~; autopilot positive gains, & = u — ugq
the longitudinal error speed, and ug the reference speed
equal to the wing stall speed. The closed-loop dynamics
(13)-(14) reads as

u =

i =

—kp, i+ Oy

. . 15
*O—léu +5u ( )

3.4 Longitudinal Speed autopilot in fixed-wing configu-
ration (LSAFC)
During the transition from fixed-wing to quadrotor,

the aerodynamic speed must decrease to the wing stall
speed. At this point, the autopilots AAQC and HAQC
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are activated. The following dynamic model is consid-
ered to design the autopilot engaged to decrease the air-
craft’s aerodynamic speed

U Oy
7 = —sp+ Ko + r
b = ¢ (16)
q = q%(cm() + C(m(;e 56)
The following autopilot algorithm is proposed
1( b .
or = — (—w +5T> (17)
K g
with o9 a positive gain. Moreover,
5 ! (kp, (2 +k“”)+k )
= — S+ —1u i
! 1+ Ky, priene 9 nh (18)
m = —0r+2sg+ %“ﬁ
where k,, , k;, and k, are positive constant gains, and
- _ _ Y kv 5 )
(.5‘3 - ]fpSQ L k:iq + kpl( 5T + g ’Z,L) + kzl 12 (19)
Ny = —o7 + iu

with k,, kq, kp,, and k;, positive constant gains. The
closed-loop dynamic (16)-(19) is described by the fol-
lowing equations

i 2k, > kp, ko  Ou
— — —__Zh 1 Sp + — " a + il
g (1 + Kp, 1+kp, g g
0 = ¢
. Se
¢ = a7 (Cul) + Cms, (—kpso —kaq
yy
L
+kp, (=01 + ;U) + kiym2))
= ky
m = —or+2sp+ i
N2 = —0r
by = —010y + 0y

(20)
It can be verified that if §, = 0 the only equilibrium point
in (20) is @ = 0. Using a linear approximation of the
closed-loop dynamic in (20) the gains can be determined
to prove local stability. The controller defined in (17)-
(19) is based on the Total Energy Control described in
[20] for the lineal case and [21] for the non-lineal case.

4 State Machine

This work proposes using a state machine with finite
states to allow the pilot to switch among the proposed
autopilots. The machine states are defined as [22]

0 = {LQM, QM, TQ2FW,FWM, TFW2Q}

with LQM landing in quadrotor configuration mode,
QM quadrotor operation mode, including take-off,
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TQ2FW transition from quadrotor to fixed-wing con-
figurations, FWM fixed-wing operation mode, and
TFW2Q transition from fixed-wing to quadrotor con-
figurations. The automata’s alphabet is defined by the
binary position of two switches in the radio transmitter
and a comparison between the actual longitudinal veloc-
ity and the wing stall longitudinal speed ug. This is,

> = {11, Tro, Tor, Tag, u > wa, u < ua/2}

The machine states diagram in Figure 2 shows the differ-
ent transitions for the pilot to operate the Quad-plane.

Figure 2: Machine states diagram.

Figure 3 shows the radio transmitter command con-
figuration and the transition switches for take-off and
landing. When the states LQM or QM are selected,
AAQC controls the aircraft attitude, and the pilot can
send roll and pitch angles and the yaw angular speed ref-
erences; additionally, the HAQC regulates the aircraft’s
height. Once the pilot switches to state TQ2FW, the
AAQC, HAQC, and LVAQC are active. The pilot can

Figure 3: Stick and switch allocation on the transmitter
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still send references for roll and pitch angles and the yaw
angular speed commanded through M, (%, but its effective-
ness decreases as u increases. In the state FWM, the
pilot has complete control over the aircraft unless the
pilot’s thrust command is not giving enough power to
reach a minimum speed above the wing stall speed; the
LVAQC performs this task. During the TFW2Q state is
active, the LSAFC commands the aircraft’s longitudi-
nal speed and the pitch angle. However, as u decreases,
the control surfaces lose effectiveness. Hence, once the
longitudinal speed is smaller than the wing stall speed,
the AAQC and HAQC take control of the aircraft, and
the pilot recovers authority on the vehicle’s Cartesian
position.

5 Numerical simulation results

A SITL co-simulation between MATLAB-Simulink
and X-Plane [23] is reported to evaluate the autopilot.
The X-Plane flight simulator solves the aircraft dynamic
model through a simplified CFD (Computational Fluid
Dynamic) analysis. The aircraft model was made us-
ing Plane-Maker, a software included in X-Plane. The
aircraft’s main features are reported in Table 1.

Parameter | Value | Parameter | Value
b 2.17Tm S 1.32m
m 22.67kg c 0.45m

Table 1: Quad-plane physical parameters

The autopilot is evaluated using two simulations.
The first considers optimal flight conditions; the second
considers light turbulent conditions with wind speeds
of about 11kt. In both simulations, the pilot takes
off and moves in the Cartesian position in quadrotor
mode. Then, the pilot moves the transition switch to
the Tho position, and the aircraft reaches a longitudi-
nal speed above the wing stall speed. The wing’s stall
speed was determined following the procedure reported
in [24]. Once the state FWM is reached, the pilot has
complete control over the aircraft. Then, the pilot selects
the switch position T, to start the transition from fixed-
wing to quadrotor configuration. Finally, the switch po-
sition 771 is activated, and the aircraft begins the landing
operation, this simulations can be seen at the following
link https://youtu.be/c_.qRoVBpvrA.

Mode Tli T2i
QM,TFW2Q | 1 | 0

LQM 0 | 1/0
TQ2FW,FWM | 1 | 1

Table 2: Binary channels and the flight modes
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Figure 4 presents the binary channels’ evolution for
the optimal flight conditions simulation. As was de-
scribed before, the quadrotor takes off as soon as the
simulation starts; this is commanded through 77; (solid
line) where Tj; = 1 commands the take-off operation
and Ti2 = 0 commands the landing operation and T5;
(segmented line) commands the transition from quadro-
tor to fixed-wing configuration through 75, = 1 and the
inverse operation through 7%; = 0, the mapping between
the binary channels and the flight modes is displayed in
Table 2. Figure 5 reports the angular moments calcu-
lated by the AAQC around the 0z’ and 0y’ axes. As
expected, these values only differ from zero when u < ug.

Figure 6 shows the longitudinal speed u (left label),
the aircraft’s height time evolution h (right label), and
the Quad-plane flying modes (blue line) in the no turbu-
lence case. As observed, the autopilot ends the transition
from quadrotor mode to fixed-wing mode once the air-
craft reaches the stall speed (red line), and the transition
from fixed-wing to quadrotor mode ends when the air-
craft has a longitudinal speed lower than half the stall
speed; this is possible since during this transition phase
the residual wing’s lift and the thrust generated by the
rotors compensate the aircraft’s weight.

1
|
0.5 1
|
|

Switch position

Ty 112

0 5 10 15 20 25 30 35

Figure 4: Binary channels evolution. The simulation

with no turbulence.
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Figure 5: Angular moments computed by AAQC. The
no turbulence simulation case.

Figure 7 presents the control moments MIl} and Mé’
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Figure 6: Quad-plane flight mission. Longitudinal speed
u (continuos line) — and height h (dashed line). The no
turbulence simulation case.

generated by the AAQC. In this case, these control mo-
ments reach higher values than in the previous simula-
tion since the turbulent conditions disturb the aircraft.

Figure 8 shows the longitudinal speed u (solid line,
left label), the aircraft’s height time evolution (dashed
line, right label) and the Quad-plane transitions (blue
line) with turbulence conditions. As a remark, the longi-
tudinal velocity perturbation due to the turbulence con-
ditions can be seen during the landing operation. Also,
since the aircraft was flying against the wind, the result-
ing drag decelerated the vehicle, leading to a really short
transition from fixed wing to quadrotor mode (TFW2Q),
in comparison with the no turbulence case.
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Figure 7: Angular moments calculated by AAQC for the
simulation with turbulence.

6 Conclusions

This work proposes an autopilot to assist a pilot in
operating a hybrid aircraft known as a Quad-plane. The
autopilot comprises four nonlinear control algorithms co-
ordinated through a state machine. The autopilot is
evaluated through a SITL co-simulation where the au-
topilot runs in MATLAB-Simulink while the aircraft dy-
namic model is simulated in X-Plane. Two simulations
are reported. The first has optimal flight conditions,
while the second considers turbulent conditions. The
turbulence intensity was selected high enough to make
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Figure 8: Quad-plane transitions, longitudinal and

height speed for the simulation with turbulence.

the flight hard for the pilot. An important issue is left
open in this work: the stability analysis of the complete
closed-loop dynamic.
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