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Abstract— Miniature vertical take-off and landing unmanned
aerial vehicles (VTOL UAVs) make various missions possible
alone such as surveillance in partially-destroyed building and at
broad hazard area where many obstacle exist. In such missions,
agile turnaround using post-stall maneuvers is useful to avoid
obstacles. This paper discusses agile turnaround strategies
utilizing post-stall maneuvers for tail-sitter VTOL UAVs. Two
agile turn strategies are studied in this paper: (1) minimum
travel distance turn, and (2) minimum radius turn. The pro-
posed strategies are formulated and optimization problems are
solved. Through computer simulation, the proposed strategies
are evaluated in terms of travel distance and turning radius
comparing with conventional Immelmann turn strategy.

I. INTRODUCTION

Thanks to electronic devices down-sizing, battery density
growth and high-power motors, many small VTOL UAVs
have been developed. Having both merits of fixed-wing and
rotary-wing, miniature VTOL UAVs are expected to perform
various missions, broad hazard area surveillance, indoor
search and rescue, and launching at the rooftop of a building.
There are several ways to perform VTOL maneuvers such
as tilting-rotor, tilting-wing, thrust-vectoring and tail-sitting
etc. As shown in Fig. 1, the simplest way is tail-sitting since
it does not need extra actuators for the VTOL maneuver.

However, many tail-sitter UAVs have some complex equip-
ments such as a coaxial contra-rotating propeller [1], a ducted
fan and fins [2], side-by-side rotors [3],[4] and wingtip rotors
[5] for the tail-sitting VTOL maneuver. Only few attempts
have been made to develop tail-sitter UAVs without any
extra equipments so far [6],[7],[8]. Although simple tail-sitter
VTOL UAVs have only single rotor and conventional control
surfaces (aileron, elevator and rudder), they have enough
agility.

Historically, the agility capability of aircraft have been
researched to execute post-stall combat maneuvers. Herbst
have coined the term supermaneuverability and described ex-
ample supermaneuver now commonly known as a Herbst ma-
neuver (“J-turn”) [9]. Having tactical positional advantage,
the post-stall maneuvers have been demonstrated mainly by
many supermaneuverable aircraft which have thrust vector-
ing and/or canard wing. Rockwell-MBB X-31 which has
three-dimensional thrust vectoring performed some post-stall
maneuvers [10]. Smith et al. have studied novel combat
maneuvers through simulation with genetic algorithm [11].
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Fig. 1. Takeoff and landing of a tail-sitter VTOL aircraft.

The tail-sitter VTOL UAVs are not supermaneuverable,
but its agility occupy an intermediate position between
supermaneuverable aircrafts and conventional aircrafts. Since
propeller slipstream generates aerodynamic forces to each
control surfaces, the simple tail-sitter VTOL UAVs are
able to control itself in post-stall condition. The combat
maneuvers which realize tactical advantage are not necessary
for todays miniature tail-sitter VTOL UAVs, however, the
positional advantage of them still have utility value; for
example, when it comes to surveillance in partially-destroyed
building or at broad hazard area where many obstacle exist,
minimal displacement maneuver can be useful.

There are several researches of optimal VTOL maneuver
utilizing agility for tail-sitter VTOL UAVs, however, little
work has been done to make use of agility to in-flight
mission such as collision avoidance and flight in tight space.
Stone et al. and Kubo et al. have studied stable time-optimal
transition maneuvers between hovering and level flight for
their tail-sitter VTOL UAVs in [3] and [4], however, their
UAVs have complex equipments and other maneuvers which
utilizes its agility were not discussed. From the aspect of
collision avoidance path planning for normal UAVs, Richards
et al. have proposed method for finding time-optimal tra-
jectories for multiple aircraft avoiding collisions [12]. They
demonstrated multiple waypoint path-planning for multiple
aircraft, however, aircraft agility in post-stall condition were
not utilized in [12]. Missile evasion maneuver of aircraft is
pursuit-evasion problem and needs time optimality [13]. As
for autonomous helicopter, Gavrilets et al. [14] and Abbeel
et al. [15] have achieved various acrobatic maneuvers.

We have been developed simple tail-sitter UAV which is
equipped with all necessary sensors and computers on the
fuselage [16] and the stationary hovering, level and transition
flight were achieved [17]. Integrating those flight mode, this
paper discusses agile turnarounds using post-stall maneuver
for tail-sitter VTOL UAVs. As typical agile turnarounds,
two strategies: (1) minimum travel distance turn, and (2)
minimum radius turn, are studied. Three-dimensional com-
puter simulation are performed to verify the strategies. The
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Fig. 2. Concept of indoor agile flight application.

results of the two strategies are compared with results of the
conventional Immelmann turn.

II. AGILE TURN MANEUVER

Generally, the desirable flight strategy of UAVs changes
according to the situation. In case of quick turn to avoid
collision in level flight, if UAVs are in high altitude, there
are large space and no obstacle. UAVs can take various
options and time-optimal flight strategy is suitable because
need less time and energy. However, if the UAVs are in tight
space, for example indoor or urban area where many obstacle
exist, space-optimality of flight strategy is also important.
Fig. 2 shows the concept of the space-optimal maneuver
application.

A. Immelmann turn

There are some turnaround maneuvers for aircraft. One of
the classic maneuver is the Immelmann turn. The Immel-
mann turn comprises following four steps:

Step 1. Level flight.
Step 2. Half loop.
Step 3. 180 ° roll to bring aircraft back level.
Step 4. Level flight (opposite direction).

Fig. 3 shows the concept of the Immelmann turn. The
Immelmann turn is simple and stable maneuver which is
executed in a sagittal plane. However, it needs large sagittal
turning radius and relatively long time because it has half
loop. If UAVs are in a tight space or do not have enough
time to turn, such conventional maneuvers are not suitable
to avoid obstacle.

B. Strategy A: Minimum travel distance turn

Fig. 4 shows the concept of the proposed minimum travel
distance turn which achieves quick turn with minimum
longitudinal travel distance, no lateral displacement and a
little altitude gain. The proposed minimum travel distance
turn comprises following four steps:

Step 1a. Level flight.
Step 2a. Pitch up to 100 ° with full throttle to brake the

velocity.
Step 3a. Pitch down and throttle up to maximize braking

force, then rolls 180 ° when velocity is almost zero.
Step 4a. Level flight (opposite direction).

2

1

34

Fig. 3. Schematic view of conventional strategy: Immelmann turn.
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Fig. 4. Schematic view of the strategy A: minimum travel distance turn.
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obstacle
Fig. 7. Schematic view of the strategy B: minimum radius turn.

At first, the aircraft keeps level flight. Then, the aircraft
rises its pitch angle to over 90 ° (e.g. 100 ° ). In order
to minimize the longitudinal travel distance, the acceleration
along X direction should be minimized. There are two forces
can be used to decrease its speed: the wind drag force and
thrust force. If the pitch angle surpasses 90 ° , the thrust
force affects to decelerate the aircraft. Hence the aircraft can
use both wind drag and thrust forces to brake. However, the
initial pitch angle is less than 90 ° because the aircraft is
in level flight condition. If the aircraft rises its pitch angle
with full throttle, its altitude increases while its pitch angle
is less than 90 ° . In order to minimize the longitudinal travel
distance, altitude constraint is relaxed until the pitch angle
of aircraft reaches 90 ° in strategy A. In fact, the altitude
change of strategy A is not very large because the time of
Step 2a is very short.

After Step 2a, the pitch angle will surpass 90 ° but
the aircraft will keep positive velocity for a while. The
aircraft must keep the pitch angle and thrust force which
generates maximum decelerating force.Therefore, Step 3a
needs optimization calculation. In addition, the aircraft rolls
180 ° when its horizontal velocity is almost zero, because
there are few drag and lift effects in such condition. In the
rolling, reaction torque produced by propeller is utilized.
When the aircraft gets large velocity, it reduces thrust force
and returns to level flight (Step 4a) .

The two dimensional model of the UAV which have hor-
izontal velocity is illustrated in Fig. 5. The two dimensional
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Fig. 5. Mathematical model and coordinates for optimization calculation.

optimization problem is given as follows,

minimize ẍ(n,θ) , (1)

subject to

⎧⎪⎨
⎪⎩

z̈ = 0,

nmin ≤ n ≤ nmax,
π
2 ≤ θ ≤ π .

(2)

where n is the propeller revolution speed, nmin is the 3000
rpm, nmax is the 7200 rpm and θ is pitch angle.

The translational dynamic equations of the UAV are

mẍ = (T −Dp)cosθ −D, (3)

mz̈ =−(T −Dp)sinθ −L+mg, (4)

where m is the fuselage mass, T is the thrust force of the
propeller, Dp is the drag force of propeller, θ is the pitch
angle, D is the drag force, L is the lift force and g is the
gravitational acceleration.

The aerodynamic forces are expressed as follows,

T = ρn2dp
4CT (u,n), (5)

Dp =
1
2

ρ(Vp(n)−u)2AbCDp , (6)

L =
1
2

ρV 2SCL(α), (7)

D =
1
2

ρV 2SCD(α), (8)

where ρ is the air density, dp is the diameter of propeller,
CT is the thrust coefficient of the motor and propeller, Vp

is the velocity of propeller slipstream, u is the X directional
velocity in the aircraft body coordinates, Ab is the projected
area of the fuselage in propeller slipstream area, CDp is the
drag coefficient of propeller, V is the aircraft translational
velocity in the world coordinates, S is the main wing area,
CL is the lift coefficient, CD is the drag coefficient and α is
the angle of attack.

This optimization problem can be solved by SQP (Sequen-
tial Quadratic Programming). Using the technical computing
language MATLAB (The MathWorks, Inc) and Optimization
Toolbox, optimal pitch angle and propeller revolution speed
are calculated for each velocity. Fig. 6 shows the results. The
propeller revolution speed is maximum value and the pitch
angle is monotone decreasing for all velocity range.

C. Strategy B: Minimum radius turn

As discussed in Section II-B, there is a relation of trade-off
between restricting the altitude change during transition and
minimizing the time when the pitch angle of aircraft is less
than 90 ° . The strategy A tolerates such altitude changes,
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Fig. 6. Optimal pitch angle and propeller revolution speed for strategy A.
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Fig. 8. Optimal pitch angle and propeller revolution speed for strategy B.

however, if altitude change is not allowed, strategy should
be changed.

We propose another agile turnaround strategy in which
altitude change is minimized (turning radius minimized).
Fig. 7 shows the concept. The minimum radius turn com-
prises following steps:

Step 1b. Level flight.
Step 2b. Pitch up until near 90 ° and throttle down to keep

altitude.
Step 3b. Pitch down and throttle up to maximize braking

force and rolls 180 ° at velocity is almost zero.
Step 4b. Level flight (opposite direction).

Without the second step, the steps are the same as strategy
A. In the Step 2b, keeping altitude, the aircraft rises its
pitch angle to near 90 ° . In the beginning of Step 2b, the
aircraft flies fast and can not take large pitch angle, because
large pitch angle generates large lift force. To avoid this
problem, the aircraft has to reduce propeller revolution speed
to decrease its velocity. The optimization problem of this step
is formulated as follows,

minimize ẍ(n,θ) , (9)

subject to

⎧⎪⎨
⎪⎩

z̈ = 0,

nmin ≤ n ≤ nmax,

0 ≤ θ ≤ π
2 .

(10)

Fig. 8 shows the optimized profile of the pitch angle and
propeller revolution speed. Since the propeller revolution
speed reaches minimum value (3000 rpm), the pitch angle
get smaller exponentially when the velocity exceeds 7.5 m/s.
When the aircraft pitch angle is near 90 ° , Step 2b is
terminated and Step 3b is started. The optimization problem
of the Step 3b is the same as (1) and (2).

1614



Fig. 9. Tail-Sitter UAV [17].
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Fig. 10. World and aircraft body coordinates in the model.

III. SIMULATION

A. Simulation Model

A tail-sitter VTOL UAV [16] is shown in Fig. 9 . The main
wingspan is 1.0 m, and the weight is 0.75 kg. The main and
tail wings are parts of commercially available R/C airplane
(Hyperion Co., Sniper 3D), and other parts such as the body
are newly developed. The motor and propeller, of which the
static thrust amounts to 120 % of the fuselage weight at a
continuous maximum motor load are selected. The UAV is
equipped with a microcomputer board, an attitude sensor,
an inertial measurement unit, an ultrasonic sensor, a global
positioning system receiver on the fuselage. In emergency,
the UAV is controlled by human through a R/C receiver.

To evaluate the agile turn strategies, a three-dimensional
tail-sitter UAV simulator was developed. Fig. 10 shows the
world and aircraft coordinates in the model. The translational
mathematical dynamic equation of the UAV in the aircraft
body coordinates is represented as follows,

m(v̇+ω× v) = FB(v)+ FS(v,θ,n)+ FP(v,n)+mRTg,
(11)

where m is the fuselage mass, v is the translational velocity
vector with respect to the aircraft body coordinates, θ is
the angle vector of control surface (aileron, elevator and
rudder), n is the propeller revolution speed, FB is the
aircraft body aerodynamic force, FS is the control surface
aerodynamic force, FP is the propeller thrust and drag force,
R is the aircraft rotational matrix with respect to the world
coordinates and g is the gravitational acceleration vector.

The rotational mathematical dynamic equation of the UAV
in the aircraft body coordinates is represented as follows,

Iω̇+ω× Iω= MB(v)+ MS(v,θ,n)+ MP(v,n)+C(ω),
(12)

where I is the fuselage inertia tensor, ω is the angular
velocity vector around the aircraft body coordinates, MB is
the aircraft body aerodynamic moment, MS is the control

surface aerodynamic moment, MP is the propeller torque
and thrust moment and C is the inertial resistance.

Aerodynamic coefficients of main wing and fuselage are
measured by experiments including wind tunnel test are
performed with scale model of the UAV in all attitude.
Inherent parameters of the propeller are measured through
wind tunnel test. The momentum theory is used for propeller
aerodynamic force calculation. Electrical and mechanical
time constants of the DC motor are identified by experiment.
The validity of simulator is confirmed by experiments.

B. Attitude Control

We proposed the optimal attitude transition which consid-
ers the hovering dynamics and achieves stable flight [18].
The optimal angular velocity around the aircraft body coor-
dinates is

w(t) = σ s+λ l. (13)

where, ∫ 1

0
λdt = Λ, (14)∫ 1

0
σdt = Σ, (15)

cosΛ =
F · RE F

‖F‖‖RE F‖ , (16)

cosΣ =
Tr(RL)−1

2
, (17)

l =

{
F×RE F

‖F×RE F‖ , for Λ �= 0

0, for Λ = 0
(18)

ŝ =
1

2sinΣ
(

RL − RT
L

)
, (19)

RL = e−Λ l̂RE , (20)

RE = R(t)T R1, (21)

where F is the thrust vector with respect to the aircraft
coordinates. R(t) and R1 are the current and the reference
aircraft rotational matrix with respect to the world coordi-
nates, respectively. The trace of matrix Tr() is the sum of
its diagonal entries and the hat operator transforms a vector
into a skew symmetric matrix.

Each three axes of the aircraft are controlled by a PID
controller. The control command is sent to control surfaces
corresponding to each axis as follows:

δi =−(KPwi +KI

∫
widt +KDẇi), (22)

where δ1, δ2 and δ3 are the aileron angle, elevator angle
and rudder angle, respectively, and w1, w2 and w3 are X, Y
and Z components of axis-angle error between reference and
current attitudes. The PID gains of level and hovering flight
mode are determined by the ultimate sensitivity method, and
tuned by trial and error. The gain values of intermediate
mode between level and hovering flight are liner interpolated
values. The gain values of real UAV are the same as those
of simulation model.
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Fig. 11. Conventional Strategy: Immelman turn.
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Fig. 12. Strategy A: Minimum travel distance turn.
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Fig. 13. Strategy B: Minimum radius turn.

C. Results

The computer simulations were practiced for each strate-
gies. The initial condition is following: the aircraft starts
flight at origin, the propeller revolution is 6000 rpm, the
horizontal velocity is 10 m/s and the angle of attack is 7 ° .
Each agile turnaround strategies are executed at 1 s after level
flight. When the aircraft passes X origin again, the simulator
determines that aircraft succeeded in turnaround, and finishes
calculation.

1) Immelmann turn: Fig. 11 shows the movement with
conventional strategy of the aircraft in sagittal plane. The
radius of half loop was about 11 m. At 2.96 s, the aircraft
pitch angle reached 90 ° but the Z directional velocity
was approx 7 m/s. This speed was minimum value during
the flight. The aircraft never stalled, however, large travel
distance and radius were needed.

The attitude change during turnaround is shown in Fig. 14.
All attitude were controlled successfully and there were no
large error. Because propeller revolution speed kept maxi-
mum value, the aircraft velocity came to approx 12 m/s at
the half loop, and 180 ° roll was finished in quite short time.

2) Strategy A (Minimum travel distance turn): Fig. 12
shows snapshots of one of the simulation with strategy A.
The transition time and travel distance (X directional dis-
placement) was shortest. The altitude change (Z directional

displacement) was small enough. The attitude change is
shown in Fig. 15. At 1.26 s, the aircraft pitch angle reached
90 ° . The step-like input contributes to shorten the Step 2a
time as a result.

At 1.88 s, the aircraft started rolling because the velocity
was less than 0.5 m/s. At 3.40 s, the aircraft velocity reached
10 m/s, so that the aircraft started level flight (Step 4a).

3) Strategy B (Minimum radius turn): Fig. 13 shows
snapshots of one of the simulation with strategy B. Strategy
B needed longest X directional displacement and transition
time, but turn radius (Z directional displacement) was very
much smaller than other two strategies. The attitude change
is shown in Fig. 16.

Very long time was needed to finish Step 2b. It is difficult
to shorten transition time while keeping altitude. In order to
decrease flight velocity, the propeller revolution speed was
reduced. However, it weaken pitching moment. At 2.68 s,
the pitch angle reached 85 ° and Step 2b was terminated.

In the beginning of Step 3b, the translational velocity
was almost zero and the aircraft started 180 ° rolling. Since
the propeller revolution speed was reduced at Step 2b, the
slipstream was weak and it needed long time to perform
180 ° roll. At 5.30 s, the aircraft velocity reached 10 m/s and
the aircraft started level flight. Because the travel distance
was longer than that of strategy A, the time of level flight
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Fig. 14. Attitude change of Immelmann turn.
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Fig. 15. Attitude change of strategy A.
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Fig. 16. Attitude change of strategy B.

TABLE I

SIMULATED DISPLACEMENT AND TRANSITION TIME.

Strategy Immelmann Strategy A Strategy B
X [m] 12.12 4.46 14.22
Z [m] 18.41 2.84 1.17
Y [m] 0.40 0.50 0.70

Transition time [s] 6.14 4.12 6.94

was also longer.
4) Summary: The simulated displacements of each axes

and transition time are shown in Table I. The strategy A
needs the shortest transition time and travel distance (X
directional displacement) of three strategies. The transition
time and travel distance of strategy B are longer than that of
conventional strategy, however, the turn radius (Z directional
displacement) is less than 1 m and the smallest of three
strategies. All strategies needed small lateral displacement.
The purposes of proposed strategies are achieved completely.

IV. CONCLUSIONS

In this paper, we discussed the agile turnaround strategies
utilizing post-stall maneuvers for tail-sitter VTOL UAVs. The

proposed strategies were formulated into two dimensional
optimization problems which were solved by SQP. The three-
dimensional UAV simulator was developed to evaluate the
strategy. The PID controller and attitude transition method
[18] were implemented to the simulator. The proposed strate-
gies were practiced through three-dimensional computer
simulation and the results show that validity of proposed
strategies. Flight experiment of the UAV with these proposed
strategies will be reported in next paper.
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