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In recent years, inspired by technological progress and the outstanding performance of Unmanned Aerial Vehicles (UAVs) in
several local wars, the UAV industry has witnessed explosive development, widely used in communication relay, logistics,
surveying and mapping, patrol, surveillance, and other fields. Vertical Take-Off and Landing fixed-wing UAV has both the
advantages of vertical take-off and landing of rotorcraft and the advantages of long endurance of fixed-wing UAV, which
broadened its application field and is the most popular UAV at present. Recently, fixed-wing UAV failure analysis highlights that
cruise engine shutdown is the most common reason for emergency landing, which is also a governing factor for Vertical Take-Off
and Landing (VTOL) fixed-wing UAV failures. Nevertheless, the emergency landing trajectory of the latter UAV type after engine
shutdown is different from that of the conventional fixed-wing UAVs due to the VTOL power system. Hence, spurred by the
requirement of a safe emergency landing trajectory for VTOL fixed-wing UAVs, this paper develops an architecture capable of safe
emergency landing for such platforms.+e suggested method develops a particle dynamics model of the VTOLUAV and analyzes
its aerodynamic characteristics utilizing Computational Fluid Dynamics (CFD) results. +e UAV’s trajectory is divided into three
parts for enhanced planning. For the guidance stage, the initial position and heading angle are arbitrary. Hence, the Dubins
shortest cross-range and the fastest descent trajectory are adopted to steer the UAV above the landing window quickly. +e spiral
stage comprises a conical and cylindrical part combined with a spiral descent trajectory of variable radius for energy management
and landing course alignment. Given the limited energy storage of VTOL power systems, the landing stage exploits an optimal
control trajectory problem solved by a Gaussian pseudospectral method, involving trajectory conventional landing planning,
unpowered landing, distance optimal landing, and wind-resistant landing. All trajectories meet the dynamics constraints, terminal
constraints, and sliding performance constraints and cover both 2-dimensional and 3-dimensional trajectories. A large number of
simulation experiments demonstrate that the proposed trajectories manage broad applicability and strong feasibility for VTOL
fixed-wing UAVs.

1. Introduction

Fixed-wing Unmanned Air Vehicles (UAVs) with Vertical
Take-Off and Landing (VTOL) capabilities do not require
a runway to take off and land, significantly reducing the
risk of accidents during both these accident-prone flight
stages. Additionally, VTOL platforms afford a broader
application field carrying out missions in inaccessible
environments [1]. Furthermore, VTOL UAVs involve a

multirotor mode during take-off and landing, simplifying
the operator’s control. Accordingly, one-key autonomous
take-off and landing are easier, improving reliability and
safety during these flight phases, and afford nonprofes-
sional and unskilled users to utilize UAVs [2, 3]. A VTOL
UAV flight includes the multirotor, transition, and fixed-
wing stages, followed by a typical flight mission profile. A
complete VTOL flight profile is illustrated in Figure 1,
with the corresponding flight stages analyzed as follows:

Hindawi
Mobile Information Systems
Volume 2021, Article ID 6289822, 15 pages
https://doi.org/10.1155/2021/6289822

mailto:wuliaoni@xmu.edu.cn
https://orcid.org/0000-0002-5482-7842
https://orcid.org/0000-0001-6727-0193
https://orcid.org/0000-0002-4558-0462
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6289822


Take-off:+e UAV takes off vertically in the multirotor
mode until it reaches a safe altitude. +en the hori-
zontal cruise engine starts providing the UAV hori-
zontal acceleration.
Accelerated transition: In the early stage, the velocity
pressure is low, and thus the lift generated by the wing
does not counterbalance gravity imposing the UAV to
fly in the multirotor mode.When the airspeed is greater
than the stall speed, the rotors stop working, and the
UAV enters the cruise stage in the fixed-wing mode.
Deceleration transition: +e UAV turns off the cruise
engine, preserves its flying altitude, and decelerates.
When the speed is less than the stall speed, the rotor
system is activated, and the UAV continues to
decelerate.
Landing: When the speed is below a threshold, for
example, 0.5m/s, the UAV lands vertically in the
multirotor mode.

During the take-off, transition, and landing phases, the
eight rotors generate lift force that balances gravity and controls
attitude. If the UAV operating in multirotor mode needs to
meet a certain level of wind resistance, the VTOL power must
have a large margin (margin coefficient PC � (FM/G)≥ 1.6),
and thus a Li-battery pack providing power to the rotors with
additional power (capacity) is needed. On the contrary, rotors
do not operate during the cruise phase, and the Li-battery pack
is dead weight, significantly reducing the payload. +erefore,
reducing the Li-battery pack weight is mandatory to meet the
performance indicators, for example, wind resistance [4, 5].

Current solutions involve increasing the energy density
of Lithium-ion batteries or develop a reasonable planning
strategy to improve energy efficiency during the landing
phase under the condition of limited energy reserve. +e
former solution is currently governed by a technical bot-
tleneck, which is difficult to overcome in the foreseeable
future. +erefore, it is necessary to study the landing tra-
jectory to plan an emergency landing trajectory after engine

shutdown or optimize the energy consumption of the
limited energy stored in VTOL power systems.

In [6], Gaussian pseudospectral method (GPM) and arc
transition methods are utilized to plan the trajectory of the
initial descent phase for near-space glide vehicles, respec-
tively. +e simulation results highlight that all constraints
can be satisfied using the two proposed methods. In addition
to this, the arc transition method does not require the
traditional nominal angle of attack design, which can be
applied online with low computational cost. +e work of [7]
suggests a GPM to optimize the trajectory of a typical point-
to-point mission for a high-altitude solar-powered fixed-
wing UAV, and the optimum path is compared with a
current constant-altitude constant-velocity path. +e results
indicate that the proposed optimum path affords more
energy profits, improving the battery pack’s final charge state
by 18.8%. A 2D horizontal trajectory for an emergency
landing of a large fixed-wing UAV without power is
designed in [8]. +is method utilizes the plane geometry
position analysis and uses the principle of balanced glide to
design the altitude trajectory section. Despite this method
being theoretically sound, it lacks practical engineering
verification. Reference [9] investigates the emergency return
route trajectory for a VTOL fixed-wing UAV after engine
shutdown without considering the trajectory from the
landing window to the ground, which is crucial for VTOL
UAVs or fixed-wing UAVs safe landing.

Most of the emergency landing trajectory planning
studies consider traditional fixed-wing aircraft and rarely
investigate the VTOL UAV. However, the emergency
landing trajectory is critical for a VTOL UAV safely, and,
most importantly, the trajectory is very different from the
traditional fixed-wing aircraft. Hence, this paper fills this
research gap by utilizing GPM to plan the landing trajectory
by solving the minimum energy consumption and finite
energy storage’s longest or shortest flight distance problem.
Meanwhile, the emergency landing trajectory after engine
shutdown is also given.
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Figure 1: VTOL UAV flight profile.
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+e rest of the paper is organized as follows: Section 2
mathematically models a fixed-wing VTOL UAV, while
Section 3 platforms aerodynamic analysis based Computa-
tional Fluid Dynamics (CFD) simulation. Section 4 intro-
duces the states and control constraints, and Section 5
challenges the proposed method on several flight trajecto-
ries. Finally, Section 6 concludes this work.

2. Mathematical Model

+e experimental platform is a fixed-wing UAV with a
double-tail brace structure, on which eight rotors are added
which provide VTOL capabilities (Figure 2).

In our trials, we consider the dynamic equation of the
center of mass in the flight path coordinate system and the
UAV’s kinematic equation in the Earth-surface reference
frame. +e UAV’s center of mass motion can be described
utilizing the momentum theorem:

m
dV

dt
� F, (1)

wherem is UAV’smass,V represents the velocity vector, and
F is the external force vector at the center of mass. +e
centroid dynamics equation projected on the flight path
coordinate system can be expressed as [10]
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where T is the engine thrust, DM represents the resultant
force of the rotor drag, LM shows the resultant force of the
rotor lift that coincides with Zb of the body coordinate, and
D and L are the aerodynamic drag and lift forces of the fixed
wing, respectively. Moreover, Lka, Lkb, Lkg denote the con-
version matrices from the wind, body, and Earth-surface
reference frames to the path coordinate frame, respectively.
+en,

_V

_χ

_c

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
�

T cos α − mg sin c − LM sin α − D − DM( 

m
,

T sin α sin μ + L sin μ + LM sin μ cos α( 

mV cos c
,

T cos μ sin α − mg cos c + LM cos μ cos α + L cos μ( 

mV

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (3)

where α is the angle of attack (AoA), c is the track inclination
angle (flight path angle), χ denotes the track azimuth angle,
and μ shows the track bank angle [11].

To determine the UAV’s flight trajectory in space, the
motion equation of the center of mass needs to be estab-
lished [12]:

_Xg � V cos c cos χ,

_Yg � V cos c sin χ,

_Zg � − V sin c,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(4)

where Xg, Yg, and Zg are the coordinates in the Earth-
surface reference frame with origin Og being located at the
launch point on the ground. A complete external force
distribution setup is presented in Figure 3, where O is the
center of mass of the UAV andO′ is the projection of V onto
the XgOgYg plane.OXb is the X-axis of the body frame,OXb’
is the projection of OXb onto the horizontal plane, and θ is
the pitch angle satisfying the equation when no roll and no
sideslip occur:

θ � α + c. (5)
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Figure 2: SD-60 VTOL UAV.
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3. Aerodynamic Characteristics

Figure 4 illustrates the aerodynamic analysis employing CFD
simulation. +e lift coefficient (CL) increases linearly and
varies as AoA changes from − 5° to 12°, with the maximum
value close to being 1.76. Figure 4(a) indicates that the
critical AoA is 16°, affording a good lift performance.

When Mach number Ma � 0.1, the lift-drag (L/D)
characteristics are illustrated in Figure 4(c). Specifically, the
maximum lift-drag ratio is close to 14.5, with the favorable
lift coefficient being about 1.2. Combining Figure 4(a) with
Figure 4(c), the favorable AoA is 4°–6°, while when the AoA
exceeds 8°, the drag increases sharply.

Figure 4(d) presents the polar curve for Mach number
Ma � 0.1 and flight height H � 1000m. +e zero-lift re-
sistance is less than 0.05, and the drag coefficient (CD)
corresponding to the maximum lift coefficient is less than
0.15, highlighting the resistance characteristics of our VTOL
UAV.

Accordingly, Figure 4(b) shows that the efficiency of the
trim elevator surface is high when the AoA is within 0° to 6°.
Each degree of elevation deviation affords a 0.62° change in
the AoA, ensuring high attitude control accuracy.

4. Constraints for the States and Controls

+eGPM approximates the state and control variables of the
optimal control problem by constructing Lagrange inter-
polation polynomials. +e optimal control problem is
transformed into a nonlinear programming (NLP) problem
with a series of algebraic constraints by exploiting its de-
rivative to approximate the state’s variable derivative con-
cerning time [13].+is section primarily uses GPM to design
the VTOL UAV landing trajectory exploiting the GPOPS 5.0
software.

Let the state vector be x � [V, χ, c, Xg, Yg, Zg, E, θ]T and
the control vector be u � [q, μ, FE, RE]T, where E is the total
energy stored in the VTOL power system, q is the angular

pitch rate, FE indicates the throttle value of the cruising
engine, and RE is the base throttle value of the rotor motors.

During a regular flight, the states and control of the UAV
are within the normal range. However, for a nonstandard
flying environment, the scope of some state or control
variables may be tightening, for example, when flying
without power, the altitude will only decrease or only
considers vertical plane motion where the velocity and
displacement in the horizontal plane are zero. Furthermore,
different trajectories will be obtained under different upper
and lower limits of state, control variables, and performance
functions, so it is critical to select reasonable upper and
lower limits and performance functions according to the
task requirements and flight conditions.

4.1. States Limits. In this work, we consider the following
states limits:

(1) +e experimental UAV approaches from a 50m
altitude at a cruising speed of 30m/s and lands
without horizontal power.+us, the upper and lower
limits of height (Zg) are 50m and 0m, respectively.

(2) +e ideal velocity change gradually decreases as
height decreases, and once the UAV touches down,
its speed drops to zero. Hence, the upper and lower
limits of velocity (V) are 30m/s and 0m/s,
respectively.

(3) Considering the crosswind case, the UAV flies in the
positive or negative direction of the PE axis after the
approach. +us, the upper and lower limits of the
track azimuth angle (χ) are 90° and − 90°,
respectively.

(4) In the case of no cruising power, the UAV can only
change the flight path angle (c) to distribute the
component of gravity in the velocity direction, which
is the critical factor in controlling the change in
speed. So the flight path angle can only be less than
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Figure 3: External force distribution.
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zero. When the UAV lands vertically, the velocity
direction is perpendicular to the horizontal plane, so
the flight path angle is at least − 90°.

(5) It is assumed that the UAV flies at a maximum speed
of 30m/s for 90 s, and the distance traveled during
this time is the maximum flying distance in the
direction of the PE or PN axis. +us, the upper and
lower limits of the forward distance (Xg and Yg) are
2700m and 0m, respectively.

(6) When the throttle value (RE) of the rotor motors is
60 in the multirotor mode, the UAV can hover in a
stable state. +e total energy (E) is defined as the
product of the throttle and the hover time. +e total
energy stored in the VTOL power system can sup-
port the UAV to hover for 90 s. Hence, the upper and
lower limits of total energy are 5400 and 0,
respectively.

(7) During level cruising, the UAV’s trim pitch angle is
3°. Considering the variation range of the AoA and
the flight path angle, using equation (5), we calculate
the upper and lower limits of the pitch angle (θ) to be
12° and − 10°, respectively.

Depending on the flight phase, that is, start, interme-
diate, and terminal, Table 1 defines the upper and lower
limits of several states.

4.2. Controls Limits. Setting lower and upper limits on the
controls during the trajectory phases is also essential. Based
on a large amount of test flight data and experience, the
upper and lower limits of the angular pitch rate (q) can be
obtained between − 5°/s and 5°/s. Due to the large roll angle,
the track bank angle (μ) is limited to ±30° to prevent lift loss
and attitude reversal. To simulate no cruise power, the
throttle of the cruise engine (FE) is always zero. In the
multirotor mode, attitude control is achieved by the rota-
tional speed differential of each motor over the base throttle
(RE). At least 10% of the differential control variable must be
reserved for attitude control so that the maximum throttle of
each motor is 90%. Hence,
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Figure 4: Aerodynamic characteristics.

Table 1: Lower and upper state limits per trajectory phase.

State
+e lower and upper state limits

Starting (t0) Intermediate (t) Terminal (tf )
V [30, 30] [0, 30] [0, 0]
χ [0, 0] [− (π/2), (π/2)] [− (π/2), (π/2)]

c [0, 0] [− (π/2), 0] [− (π/2), 0]

Xg [0, 0] [0, 2700] [0, 2700]

Yg [0, 0] [0, 2700] [0, 2700]

Zg [50, 50] [0, 50] [0, 0]
E [5400, 5400] [0, 5400] [0, 5400]

θ [3, 3] [− 10, 12] [0, 0]
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− 5°

s
≤ q≤

5°

s
,

− 30° ≤ μ≤ 30°,

0≤FE ≤ 0,

0≤RE ≤ 90%.

(6)

4.3. Path Constraints. According to Figure 4, the optimum
AoA for the fixed-wing mode is within − 5° to 15°. However,
the AoA can reach 90° during vertical landing, where the
aerodynamic force is almost zero in the multirotor mode.
+is upper limit is very critical. +e AoA of a conventional
fixed-wing aircraft must be limited to stall AoA; otherwise, it
will crash due to lift loss. But a VTOL UAV can reach an
AoA of up to 90° for a smooth vertical landing because of the
extra lift provided by the rotors. +e maximum sink rate is
limited to 4m/s, depending on the glide performance, the
aircraft’s structural strength, and the maximum overload it
can withstand. Hence, the path constraints during this phase
are

− 5° ≤ α≤ 90°

0≤ _Zg ≤ 4
m
s

.

(7)

4.4. Cost Function. +e cost function contains the endpoint
and integrand cost. Setting the endpoint cost function (Φ)
depends on the optimal control problem examined; for
example, for the minimum time-to-land problem, the
endpoint cost is flight time, while for an emergency landing,
the endpoint cost function is the forward flight distance.Φ is
a function of the terminal value of the flight time or the
forward flight distance (Xf). Overall, the endpoint cost
function is given as

Φ � Φ tf ,

orΦ � Φ Xf .
(8)

To stabilize the UAV’s attitude and smooth the flight
path, we set the integral term of the integrated cost function
(J) as the sum square of the sink rate and the angular rate of
the flight path angle [14].

J � 
tf

t0

k1
_Z
2
g + k2 _c

2
 dt, (9)

where k1 and k2 are the weight coefficients. +e greater the
value, the greater the penalty, indicating the higher attention
given to the corresponding item.

5. Trajectory Planning

+e typical landing process of a wheeled fixed-wing UAV
includes three stages: approach glide, flare landing, and taxi
[15, 16]. +ese stages are depicted in Figure 5 as trajectory

ABCD, with the AED trajectory being the corresponding
one for a VTOL UAV. To mathematically describe the
landing trajectory, we utilize the Northeast coordinate
system, where the origin point O is the landing window
point, the positive direction of the PN axis points to the
North direction, and the positive direction of the PE axis
points to the East direction.

5.1. Emergency Landing. A VTOL UAV has its own engine
shutdown forced landing characteristics due to the VTOL
power system.+e prominent feature of such power systems
is not being limited by airport conditions, as a relatively open
ground near the route is adequate for an emergency landing.
Another feature involves the potential energy from the
engine shutdown point to the nearest crash-landing point
being generally rich. +erefore, excess energy dissipation
should be considered. Finally, after entering the landing
window, the UAV can either land in a multirotor mode or be
assisted by the rotary-wing lift and perform glide landing at a
lower forward speed and sink rate.

In terms of a VTOL UAV, the proposed landing phases
comprising the entire process from the engine shutdown
position to the landing site are guidance, spiral, and landing.
+e entire trajectory is illustrated in Figure 6.

5.1.1. Guidance Phase (A-B). Given that the initial UAV
position and attitude are arbitrary, guiding the UAV towards
the landing window is necessary. Hence, we employ the
Dubins shortest cross-range method for the lateral trajec-
tory, which consists of the arc AA′, arc B′B, and line A′B′
(see Figure 7), and for the vertical, we define the height
profile exploiting the sliding performance constraints [17].

While flying in circles, the UAV’s descending height is
proportional to the radius of the arc and the flight path angle:

△h � 2πR tan c. (10)

In the vertical plane, the UAV is in an equilibrium
sliding state, and thus equation (10) can be obtained:

1
tan|c|

�
L

D
. (11)

When the lift-drag ratio L/D is maximum, the flight path
angle is the shallowest, and the descent height for a given
flight distance is minimum.

Generally, the emergency landing site of a VTOL UAV is
near the engine shutdown position. Hence, to reduce the

Straight
Glide TaxiFlare
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Figure 5: Typical landing trajectory (ABCD is for typical fixed-
wing UAVs and AED for VTOL UAVs).
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UAV’s height as quickly as possible, the radius of arc AA′
and B′B for the heading angle adjustment should be large,
and the maximum flight path angle should be appropriately
adjusted during the straight glide phase A′B′.

5.1.2. Spiral Trajectory Phase (B-C). In this trajectory phase,
the UAV spirals down, not only adjusting its heading angle
but dissipating the potential excess energy. A large roll angle
results in excessive lifting force loss during the spiral motion,
and a significant acceleration overloadmay damage the body
structure. In this phase, the UAV glides are in balance with
the hovering radius given by

R �
V

2 cos c

g tan ϕ
. (12)

According to equations (9) and (11), to reduce height as
quickly as possible in the initial stage, the UAV requires a
large spiral radius, and thus a smaller roll angle is recom-
mended. However, as the UAV’s height decreases, the radius
decreases until the minimum allowable hover radius is
reached. If the flight altitude is still above the landing
window, the UAV will continue to spiral down from this

minimum radius. +e higher the altitude is, the fewer ob-
stacles the UAV encounters, and thus the spiral radius can be
more extensive. However, if obstacles are present, the radius
must be strictly limited. To reduce the height as soon as
possible, a conical helix (blue curve in Figure 8) with a larger
radius is designed at the top of the spiral section, while a
cylindrical spiral trajectory (red curve in Figure 8) with a
fixed smaller radius (the minimum radius) is designed at the
bottom. In the cylindrical spiral trajectory, for the UAV
flying the same number of circles, the smaller the minimum
radius, the least the height reduction. Increasing or de-
creasing the number of circles makes it possible to fine-tune
the height at a high resolution and adjust the heading angle
in the range of 0–360°, which is conducive to the UAV’s
states to meet the approach requirements.

+e recommended heading angle for waypoint C is
usually against the wind direction, and the air corridor
should be empty in this direction.

+e initial heading angle, position, and altitude of the
UAV at the engine shutdown point A will affect the tra-
jectory of the guidance and the spiral section (see
Figures 9–11). Indeed, the simulation results verify that the
proposed strategy can safely guide the UAV to the landing
window and meet the heading and altitude requirements for
a safe landing.

5.1.3. Landing Phase (C-D). +e VTOL power system af-
fords the UAV to perform various landing trajectories once
it enters the landing window. +e trajectory is related to the
energy consumption rate, duration of action, and the
multirotor system’s force magnitude. Once the UAV con-
cludes the B-C spiral trajectory and passes endpoint C, the
UAV’s heading angle meets the landing requirements, and
the path planning focuses on the longitudinal trajectory.

Case 1. Conventional landing
When the height and wind direction meet the landing

requirements and the energy storage of the VTOL system is
sufficient, the UAV can land conventionally. For a control
variable μ � 0, the landing trajectory in the vertical plane is
shown in Figure 12.

+e UAV raises its head to increase the pitch angle and
uses drag to decelerate. At this phase, the multimotor mode
is activated to provide lift, allowing the UAV to slow down
while still flying flat (see Figure 13). +e forward velocity
continues to decrease until it becomes zero, and once the
UAV completes the transition from the fixed-wing mode to
the multirotor mode, it then lands vertically.

+e maximum sink rate is 2.0m/s. +e rotors operate
throughout the landing process and consume only 60% of
the VTOL energy, guaranteeing the UAV to land safely
under normal conditions. By optimizing the trajectory, the
UAV can reduce battery consumption during landing, in-
crease the power margin, and improve safety landing.

Case 2. Forced landing
Once the UAV enters the landing window, it follows the

forced landing trajectory if the multirotor system fails. +e

1500

1000

500

0

H
 (m

)

PN (m)

-2000
-1000

0
-2500 -2000-1500 -1000 -500 0 500

PE (m)

A

B

C D

Figure 6: Complete landing trajectory for a VTOL UAV.

500

0

-500

-1000

-1500

-2000

-2500

-3000

PE
 (m

)

-3000 -2500 -2000 -1500
PN (m)

-1000 -500 0 500

A

B

B′

A′

Figure 7: Dubins shortest cross-range trajectory.

Mobile Information Systems 7



VTOL UAV has no wheels and thus cannot glide once the
ground is touched. +erefore, it has to land at a low forward
velocity and sink rate. For control variables μ � 0 and
RE � 0, Figure 14 shows the forced landing trajectory in the
vertical plane.

+eUAV increases the gravity component in the velocity
direction by increasing the flight path angle (Figure 15),
affording sufficient flight velocity. Most of the flight time
involves an AoA close to the favorable AoA, while the flight
path angle is within 4°.+e height descent is relatively gentle,

with a maximum sink rate of 1.8m/s. Finally, the UAV
touches the ground at a forward speed of 22m/s and a sink
rate of 0.6m/s. Despite the controlled landing trajectory,
there is still a high probability of damaging the airframe [18].

Case 3. Distance optimization landing
Given that the VTOL power system has limited energy

storage capability, it is necessary to reasonably plan the
landing trajectory according to the forward flight distance.
+e upper and lower boundaries of the landing sites
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correspond to the furthest and nearest forward flight dis-
tance trajectories, respectively. Our experiment’s nearest
forward distance is only 250m, and the trajectory is rela-
tively smooth without fluctuations (Figure 16).

+rough comprehensive analysis of Figure 17, it is
concluded that as velocity decreases, the UAV increases the
AoA and the flight path angle and preserves a constant
maximum sink rate of 4m/s. As it approaches the ground,
the UAV reduces its sink rate by reducing the flight path
angle and finally touches the ground smoothly under the
control of the multirotor mode.

To minimize the forward distance, the UAV descends at
the given upper limit of the sink rate, and the rotor force acts
primarily as a drag in the opposite direction of the velocity.
+e VTOL energy consumption is only 18% affording a large
energy margin.

Figure 18 illustrates the farthest forward distance tra-
jectory, highlighting that the UAVmaintains level flight for a
while before descending. +e flight path angle is minimal
throughout this stage, close to 3°, with a maximum sinking
rate of 1.1m/s (Figure 19). +e rotor force vector provides
forward flight power, and the velocity is controlled by
changing the pitch angle. +e UAV pulls up at the end of the
shallow glide, rapidly reducing forward velocity and sink
rate. +e overall landing process is very smooth.

+e farthest forward distance is 2249m, and the energy
consumption is 100%. To some extent, the amount of energy
stored determines the forward distance of the trajectory [19].
When the height of point C (center of the landing window) is
50m, the forward distance is between 250m and 2249m
(Figure 20). +e remaining height of the spiral section that
cannot reduce through one complete circle is added on the
landing section as the height of point C’s upper and lower
boundaries, which are between 20m and 80m. +erefore,
adequate distance from the landing window to the landing
site should be considered [20].

Case 4. Wind resistant landing
If the wind direction changes during landing, the UAV

should have a particular lateral control ability to ensure that
it lands against the wind. +e magnitude of the maximum
bank angle is limited to 30° and the control variable is
μ � [− 30, 30]. Assuming that the incoming airflow direction
is distributed between − 90° and +90°, the angular value of the
incoming airflow direction is obtained every 10° to estimate
the optimal distance trajectories.

Figures 21 and 22 illustrate the landing site distribution
under the action of lateral-directional control after the
upwind direction changes. +e green area indicates the high
probability landing area. For the boundary trajectories, such
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as the farthest and the nearest trajectories, the distribution of
the landing sites is more concentrated and less affected by
the upwind direction [21].

6. Conclusion

+is paper focuses on the emergency landing trajectory of a
VTOL fixed-wing UAV. Hence, it proposes a spiral descent
trajectory with variable radius, affording energy manage-
ment and course adjustment in the spiral section, under the
condition of limited energy storage of the VTOL power
system. Our trials include several landing trajectories,
conventional, unpowered, distance optimal, and wind-re-
sistant landing, which are planned based on the Gauss
pseudospectral method applied within the landing section.
+e simulated trajectories demonstrate the capabilities of
our method, which meets the dynamics, terminal, and
sliding performance constraints and affords an appealing
solution for VTOL fixed-wing aircraft.

6.1. Limitations. VTOL fixed-wing UAV is a very complex
combination because of the aerodynamic coupling between the
rotor system and the fixed-wing system, and it is difficult to

describe it with accurate mathematical model. +e landing
trajectory proposed in this paper is largely dependent on its
aerodynamic characteristics, so the aerodynamic characteristics
of the assembly limit the usability of the trajectory to some
extent. On the other hand, after the UAV enters the landing
window, it follows the forced landing trajectory if themultirotor
system fails, so there is always a chance of forced landing as well.

6.2. Future Scope. At present, VTOL fixed-wing UAVs in-
clude tail-sitter UAV, tilt-rotor UAV, tilt-wing UAV, and
fixed-rotor UAV. +e emergency landing trajectory pro-
posed in this paper is mainly suitable for the safe landing of
fixed-rotor VTOL fixed-wing UAVs in different landing
environments. In the future, suitable emergency landing
trajectories will be further studied based on the aerodynamic
layout, flight mechanics characteristics, and power config-
uration of the first three types of UAVs.

Data Availability

+e data used to support the findings of this study are in-
cluded within the article, but sample data are available on
request.
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