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ABSTRACT This article studies the model, control and simulation on transition flight of a novel tail-sitter
with vertical takeoff and landing capability. The proposed tail-sitter adopts an innovative varying fuselage
shape design to break the technical bottleneck in the balance of efficient horizontal flight and agile vertical
flight. Overset grids and computational fluid dynamic methods are used to explore the vehicle’s prestall
aerodynamics, which are relative to not only the angle of attack and sideslip angle but also to the varying
angle between two rear fuselage’s parts. High angle of attack aerodynamics based on the improved Viterna
and Corrigan stall model is also established for this novel tail-sitter. Meanwhile, an accurate model of
the propeller is tested in a wind tunnel. Combining the forces and moments generated by propellers,
aerodynamics and gravity, a 6DoF nonlinear time-varying dynamic model is built. A robust controller
based on incremental dynamic inversion method is designed for this tail-sitter, which is good at dealing
with uncertainties and external forces. Nominal and model mismatch conditions are simulated to verify the
controller’s performance. Different varying strategies for the mechanism are analyzed during the transition
flight. Simulation results show that this novel tail-sitter can transform between vertical and horizontal flight
mode easily and the varying strategy related to pitch angle is a prior choice for transition flight.

INDEX TERMS Novel tail-sitter, varying fuselage shape, transition flight, incremental nonlinear inversion

method, vertical takeoff and landing.

I. INTRODUCTION

Unmanned aerial vehicle (UAV) technology has developed
rapidly and been applied in various fields such as pho-
tography, cargo delivery, environmental observation, etc.
Reference [1], [2] combining the long endurance and high
speed of the fixed-wing and vertical take-off and landing
(VTOL) ability of rotorcraft, hybrid type UAVs have attracted
a lot of attention in recent years. Reference [3]-[7] hybrid
UAVs include a variety of types such as tail-sitter, tilt-wing,
tilt-rotor and rotary wing [8]. Among them, the tail-sitter has
been a hot spot due to its simple design. Over the UAVs
assisted with a launcher [9], the tail-sitter has the advantages
of convenience and fast takeoff and landing ability. However,
compared to the tilt wing or tilt rotors, most of tail-sitters are
less controllable in pitch motion during low-speed flight con-
ditions, for example the early stage of the forward transition
flight. This is because a considerable quantity of tail-sitters’
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pitching control depends on the flaps immersed in the pro-
pellers’ slipstream like T-wing [10] and VD200 [11], which
are less effective when the propeller has a relative low disc
loading [12] or when the vehicle is descending. There is
also a number of tail-sitters’ pitching control depends on
the propellers mounted on the tip of vertical tails or short
supporting rods such as ATMOS [13] and VertiKUL [14],
which have shorter pitching control arms than that of tilt-
wings. Meanwhile, due to the short distance between the
center of gravity and elevons, the fly-wing configuration
usually used in tail-sitter is less maneuverable in pitch motion
during cruise flight than a conventional configuration [15].
Therefore, a novel tail-sitter with varying fuselage shape is
proposed in this article to break the technical bottleneck in the
balance of efficient horizontal flight and agile vertical flight.

Accurate dynamic model is necessary for the control
and simulation of this novel tail-sitter. Computational fluid
method (CFD) is a general accurate and reliable way to
simulate the air flow. However, for the high angle of
attack (AOA) flow with separation, CFD method costs more
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time and resource. Ref. [16] used a model for nonrotating
finite-length rectangular wings to simulate the tiltwing’s high
AOA aerodynamics and applied it to the trajectory opti-
mization. The model is developed by Tangler and Osto-
wari [17] based on experiments and the model of Viterna
and Corrigan [18]. It is easy to be used only requiring the
2D foil aerodynamics, aspect ratio (AR) and stall angle for
a wing.

The varying of fuselage shape leads to the large changes
of moments of inertia, causing the novel tail-sitter to be a
time-varying system during the transition flight. Multi-body
dynamic modeling method can capture all the motion of every
component precisely and has been used in tilt-rotors [19]
and tilt-wings [20] successfully. But when the influences of
every component’s relative motion are able to be modelled
accurately, it is obviously easier to treat the vehicle as a
whole [21]. The influences mentioned above include those
on the aerodynamics, center of gravity, control effectiveness,
moments of inertia, etc.

A safe transition flight is necessary for the hybrid UAV.
During this process, the pitch angle’s variation is close to 90°,
which results in strong nonlinearity of the dynamic model and
difficulty in controller design. Conventional rotation matrix
with Yaw-Pitch-Roll order is singular when the pitch angle is
90°. Using the Yaw-Roll-Pitch order rotation matrix can solve
this problem easily and it is simple to understand [22]. As for
the control problem for tail-sitter, variety of controllers are
studied by different researchers. PID controller is a common
choice in real applications which does not need the knowl-
edge of tail-sitter model [14], [23], [24]. LQR controller
scheme [25] can handle multi-input multi-output (MIMO)
system easily but require the full state information which is
not always possible. Gain-Scheduling controller is a good
choice for full flight control but has a relative high cost for
computation [26], [27]. Nonlinear dynamic inversion (NDI)
method has gained a lot of attention for its simplicity to
be tuned [8], [28]. The main restriction on its wide appli-
cation is that precise knowledge of the dynamic model is
required. One option to reduce sensitivity to model errors is
incremental nonlinear dynamic inversion (INDI) [29]-[32],
which uses the estimations of the acceleration from sensor
data to replace the dynamics model. Many researches have
tried to using INDI based controller in the transition flight
control of hybrid UAVs. For example, a robust transition
controller for a fly-wing tail-sitter based on INDI is designed
to deal with model uncertainties and validated by simulations
under a variety of conditions [32]. In another study [31],
multiple outdoor experiments were performed to validate the
incremental control structure’s effectiveness on compensat-
ing unmodeled forces and moments for a tail-sitter. Besides,
two kinds of novel hybrid UAVs also used the INDI based
control structure to complete the transition flight and verified
its effectiveness [29], [30]. Based on the established dynamic
model, we use the INDI controller for the attitude control
of the UAV and conventional PID controller for the altitude
control to validate the vehicle’s transition flight capability.
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The main contribution of this article is the validation of
a novel tail-sitter UAV’s transition flight capability and the
effectiveness of modelling and controlling methods used
on it. The structure of this article is organized as follow:
The second part is an introduction to the design parame-
ters of the novel tail-sitter and the transition flight process.
The operation of the varying mechanism during the tran-
sition flight will also be introduced here. The third part is
the dynamic model of the tail-sitter including coordinates,
moments of inertia, propeller’s performance and the whole
aerodynamic model considering the high AOA conditions.
Then a 6-degree-of-freedom (6DoF) dynamic model struc-
ture is constructed for the novel tail-sitter. INDI controller
is designed in the fourth part. Transition flight simulations
under nominal condition, model mismatch conditions and
gust disturbance condition are described and analyzed in the
fifth part. Different varying strategies for the rear fuselage’s
parts are simulated and compared here in order to get an
optimal one for reliable transition flight. Finally, the last is
the conclusion part of this article.

Il. OBJECT DESCRIPTION

The novel tail-sitter with varying fuselage shape in this article
contains four brushless motors and four propellers (denoted
as P1, P2, P3 and P4) as the propulsion systems (shown
in Fig.1). The spin directions and arrangement of the four
propellers are shown as Fig.1(a). The fuselage is divided into
three parts: one front part denoted as FP1 and two rear parts
denoted as RP1 and RP2. In vertical flight mode, RP1 and
RP2 are separated to an angle of 150° and locked, turning
the tail-sitter into a ““plus” style quadrotor. Compared to the
existing tail-sitters such as ATMOS and VertiKUL mentioned
above, the quadrotor has a relative much longer pitch control
arm, which means more maneuverable and gust resistant
during the vertical flight. In the horizontal flight mode (shown
as Fig.1(b)), RP1 and RP2 are combined tightly and locked,
turning this tail-sitter into a conventional fixed-wing UAV
with medium aspect ratio (AR). Meanwhile, P1 and P3 stop
rotating and are folded to reduce drag while P2 and P4 are
still working to provide the power for level flight.

(a) Vertical flight mode (b) Horizontal flight mode

FIGURE 1. The novel tail-sitter UAV.

The forward and back transition maneuvers between verti-
cal and horizontal flight modes are shown as Fig.2 and Fig.3.
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FIGURE 3. Horizontal to vertical flight transition (back transition flight).

Tilting of
tail-mounted
propellers

i
j.#

It should be noted that when the angle between RP1 and
RP2 changes between 0-150°, propellers P1 and P3 are also
rotating around a corresponding axis inside the vertical tails
at the same time. The axial directions of P1 and P3 are
controlled to be consistent with those of P2 and P4. The
driving mechanism for the rotation of RP1 and RP2 is a spiral
screw, which has a large gear ratio and can realize self-lock
under non-rotation condition. The drivers for P1 and P3’s
tilting motion is a linear servo, which has a small size to be
easily contained inside the vertical tail. Flexible skin made by
carbon fiber is used to fill the gap between FP1 and RP1(2)
to ensure a smooth shape during horizontal flight. The design
parameters of researched tail-sitter are shown as Table 1 and
Fig.4.

TABLE 1. Design parameters of researched tail-sitter.

Parameters Value Parameters Value
Weight 12.06kg Airfoil GAW-1
Cruise Speed 27.2m/s Varying Angle o 0~150°
Aspect Ratio (AR) 12 Sweep Back Angle 4, ,, 10°
Wing Area 0.288m> Wing Loading 407.8N/m2
Spanwise 1.86m | Mean Aerodynamic Chord 0.155m
Liong 0.68m Lixt 0.51m
Mechanism weight ~ 1.95kg 9 23.3°
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FIGURE 4. Key parameters and propellers’ configuration.

Rotating mechanism for RP1 and RP2 is a trapezoid slid-
ing lead screw with nut which is driven by a high-torque
stepper motor. The nut connects two conrods which connect
RP1 and RP2 separately as shown in Fig.5. Then the rotation
of RP1 and RP2 can be realized by moving the screw nut back
and forward along the screw rotation axis. Sliding screw can
realize self-lock when the screw stops rotating and the torque
of the mechanism will not be transmitted to the stepper motor
under non-varying conditions. Meanwhile, stepper motor’s
current can be reduced to about zero during this condition
to save energy.

£\ Rotational
+ NAxis

FIGURE 5. Components of fuselage shape’s varying mechanism.

The specific mechanism used for tail-mounted propellers’
tilting motion is shown in Fig 6. When the length of line
segment bc is increased or decreased by the linear servo,
the tail-mounted propeller will rotate around point a anti-
clockwise or clockwise to keep the same axial direction as
that of propellers ahead of wing.

-« Linear
b Servo

FIGURE 6. Tilting mechanism on the tail.

Ill. MATHEMATICAL AND PHYSICAL MODEL

A. COORDINATES AND ROTATION MATRIX

In order to control the attitude in two flight modes using
one single controller, a singularity-free expression method
for attitude is necessary. The Euler angles representation
method with common Yaw-Pitch-Roll rotation order is sin-
gular (Gimbal Lock [22]) when the pitch angle is equal
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FIGURE 7. Definition of Euler angles with Yaw-Roll-Pitch rotation order.

to 90°, which is not suitable for the tail-sitter ‘s transition
flight. Therefore, Yaw-Roll-Pitch sequence rotation matrix is
adopted to represent the attitude.

As shown in Fig.7, the inertial coordinate frame is trans-
formed to the body coordinate frame after three rotations
using the Yaw-Roll-Pitch order. Rotation matrix for trans-
forming the inertial coordinate frame to the body coordinate
frame is expressed as

cOcr — s¢psOsyr cOsyr + spsOcyyr —cpso
—cpsyr cpey s¢ (1)
sOcyr + spcOsyr sOsyr — spcOcyr  copch
where ¢ represents cos and s represents sin for simplicity.
Denote the angular velocity vector in the body coordinate
frame as wp = [ pqr ]T and the Euler angular velocity as
[ 6y ]T, the relationship between them is

Rpe=

¢ P
0 |=1|q @)
W r
Here,
cos 6 0 sin 6
T, = sin 6 tan ¢ 1 —cosftan¢ 3)
—sinfsec¢y O cos 0 sec ¢

The body and inertial coordinate frames attached to the
tail-sitter in different flight modes are shown in Fig.8.

Forward Transition

—

1,

Back Transition Ze

FIGURE 8. Body and inertial coordinate frames on the UAV.

B. INERTIA TENSOR
The inertia tensor of the whole tail-sitter changes with the
rotation of RP1 and RP2, which has a great impact on the
longitudinal stability and maneuverability of the tail-sitter.
We estimated the vehicle’s weight distribution under different
varying angles through measuring a detailed 3-dimensional
CAD model.

During the rotation of RP1 and RP2, the UAV still
maintains a symmetrical configuration about the xzp-plane,
which means I, = 0. Meanwhile, two other products of
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inertia are much smaller compared to the principle moments
of inertia and ignored in this article, i.e. I,; ~ 0, Iy ~ 0. The
inertia tensor of the researched tail-sitter can be expressed as
follow by using three cubic polynomials, which can be seen
as follow.

3 _ 7]
> Xio! 0 0
i=0
3 .
I=| 0 > Yo'y 0 )
i=0
3 .
0 0 Z Zio!
L i=0 .

Here, X;, Y; and Z; represent polynomial coefficients and
o is rear fuselages’ varying angle. Relationships between the
principal moments of inertia and ¢ are shown in Fig.9(a).
Lix, Iy and I, in vertical flight mode when o = 150° are
different by 122.7%, —17.22% and —57.7% from those in
the horizontal flight mode when o = 0°. With the increas-
ing of o, the distance between the tail propulsion and x;
axis becomes larger, which leads to I,,’s increasing. Fortu-
nately, the increase of o lengthens the pitch control arm and
decreases Iy, at the same time, both making the tail-sitter
more controllable for pitch motion in vertical flight mode. It is
of great benefit to low-speed flight conditions and validates
the advantages of the varying fuselage shape design. The
varying motion of fuselage shape will also cause the shift of

Inertia (kgmz)

0 50 100 150
Varying angle o(deg)

(a) Principal moments of inertia

150

—e— x loation of CG

100

50

Location of CG in x-axis(%)

0 50 100 150
Varying angle o(deg)

(b) Ratio between the x location of CG and mean aerodynamic chord

FIGURE 9. The influence of fuselage shape’s varying motion on the
principal moments of inertia and location of CG.
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FIGURE 10. CAM 15 x 8 propeller wind tunnel test.
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FIGURE 11. Propeller’s thrust and torque coefficients test results.

center of gravity (CG), especially the location in the x-axis
shown as Fig.9(b), which should be considered carefully in
the external moments calculating process.

C. MOTORS AND PROPELLERS
The motor used can be represented by a continuous first-order
transfer function:

L
s+ 1

&)

where 7 is the time constant, »; is real rotation speed of each
motor, and n.; denotes each motor’s rotation speed command.
The range of motor’s rotation speed is [Orps, 117rps].

The four propellers used are all CAM 15 x 8 and its thrust

and torque are expressed as
T; = pnizD;;CTi ©
Qi = pn; D, Coi
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FIGURE 12. Prestall aerodynamics of researched tail-sitter.

where Dp is the propeller’s diameter, C7; and Cg; are the
thrust and torque coefficients. We conducted a wind tunnel
test to obtain the relationships between the coefficients and
the advance ratio. Two quadratic polynomial curves are used
to fit the test data in this article.

Cri = Pro + PriA; + Prao)?

@)
Coi = Pgo + P11 + PQZ)‘iz

Here, the advance ratio is calculated by A; = V, / (n;Dp)
and V denotes advance velocity, i.e. the axial inflow velocity
for each propeller.

D. AERODYNAMICS

1) PRESTALL AERODYNAMICS

Fuselage shape’s varying motion has a significant impact on
the aerodynamics of the tail-sitter. Using overset-grid and
computational fluid dynamic (CFD) methods, we calculated
the aerodynamic coefficients of the tail-sitter before stall. The
results are shown as Fig.13.
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It can be seen that the rear fuselage’s opening increases the
drag for the growing of fuselage’s windward area. The slope
of Cpy — a is also changed largely by the varying distance
between the CG and horizontal tail. Using polynomial and
trigonometric hybrid curve fitting method, the prestall static
longitudinal aerodynamics of the whole tail-sitter is given by

CL=Cro+ Croqa + Cro0
Cp =C20l2 + Cia + Cy + Sy cos (o + og)
Cmy = CmyO+Cmyaa+Cmycr]U+Cm}vaaa6+cmy0202 (8)

Lateral aerodynamics of the UAV is also given by

Cc = CcgB + CepoBo
Conx = mxﬁ,B + CmﬂJIBU
Cinz = CuzpB + Cinzpo Bo )

In (8) and (9), Cr, Cp, Cc represent the lift, drag and side
force coefficients in the wind coordinate. Cy,y, Ciy, Cpy; are
the moments coefficients around three body axes. «, B, o
are AOA, sideslip angle and angle between RP1 and RP2.
Cro, Cra, Cro, C2, C1, Co, S1, 00, Cinyo, Cinyar
Ciyo1> Cmyao s Cinyo2 are all known fitted parameters.

2) HIGH ANGLE OF ATTACK AERODYNAMIC

The tail-sitter will experience a high angle of attack state with
large uncertainties during the altitude-hold transition flight.
We use a model developed by Tangler and Ostowar [17]
for nonrotating finite-length wings based on experimental
data and the model of Viterna and Corrigan. Reference [18]
Some researchers have applied this method to the study of
the optimization of tilt-wing’s take-off trajectory [5], which
validated the model’s adaption on the vertical take-off and
landing aerial vehicles.

The poststall lift coefficient is given by

2
cos” o
Cp =A;sin2a + Ay — (10)
sin o
where
C
A = =
2 .
sino
Ay = (Cr, — C sine cos ) 5 s
cos? o

C; = 1.1+ 0.0184R

Here, oy is the AOA at stall, Cy; is the lift coefficient at
stall, and AR is the aspect ratio of the wing.
The poststall drag coefficient is given by

Cp = By sina + By cosa (11
where
Bi = Cpyyy
Cp. — Cp_ sin
B, = Dy D, SIN O
COS Oy
1.0 + 0.065AR
CDmaX = " a ..
09+1/c
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Here, Cp, is the drag coefficient at stall, t/c is the relative
thickness of the used airfoi. The CFD simulation calculation
shows that the stall angle of attack of the wing is about 15°.

Cubic polynomials are used for combining the prestall and
poststall longitudinal aerodynamic curves and they are first-
order continuous at the connecting AOA. As a result, the lift,
drag and pitch moment curves of the studied tail-sitter with
different o are shown in Fig.13, in which the AOA’s range is
from —100° to 100°.
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FIGURE 13. Longitudinal aerodynamics with a wide range of angle of
attack.

The aerodynamic characteristics of the control surfaces are
described in a linear form. Along with the rotating of the
rear fuselages, the distance between the elevator and center
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FIGURE 14. Block diagram of the novel tail-sitter's dynamics.

of gravity is changed as shown in Fig.4. It is also the same
for the two rudders. The dynamic terms are also added to the
aerodynamic model in linear form. Therefore, the complete
aerodynamic forces and moments of the tail-sitter are given
by

L=1tovas -(C +Cry )
= ;P ref \CL quvq

2
D= 3pV2Sy (CD + Cpqﬁq)
C = 2ov25 (Co+ Coptop + Cor 2
I — —r
P A I T R Y7
1 b
Mo = iszSrefb ( mx + Cnxs,8a + mepﬁl’
b
C N
+ mxr 2V >
5 _ cos (o + 1)
May = —pV Srefc (Cmy + Cmyégsew
c
+ Cmyq_vq
1 cos (o + 1)
Mg, = EszSrgfb (sz + szérarw

b b
+szpﬁp+cmzr_r> (12)

2V

Here, 8., 84, 8, are the deflection angles of the elevator,

ailerons and rudders respectively. The corresponding control

effective coefficients are Ciys,, Cinzs,> Cmxs,. ¥ is shown

as Fig.4. The ratio cos (o + ¢) / cos (9) reflects the varying

fuselage shape’ influences on the control effectiveness of
elevator and rudders.

E. DYNAMICS MODEL

The dynamic structure of the studied vehicle is shown
as Fig.14.

1) MOTIONAL DYNAMICS
External forces and moments acting on the UAV include
gravity, aerodynamic forces and moments, propellers’ thrust

65580

and torques. The gyroscopic torque generated by the rotation
of the motors and propellers is ignored.

Motional dynamics equations expressed in the inertial
coordinate frame is given as (13).

Fre = mVex
Fye = mVy,y
Fre = mV,; (13)

External forces expressed in the inertial coordinate frame are
given by

4
Fre 3T —-D 0
F ye | = Rep i=1 + RebRpa C + 0
Fre 0 —L mg
0
(14)

2) ROTATIONAL DYNAMICS
The vehicle rotational dynamics is given by

d
M=—-0
a 1@

According to the Coriolis equation, the above rotational
dynamics formula can be expanded as

My, = lop + wp X (wyp) + Ioy
Rewrite it in body coordinate frame, we can get

My, = Lyp + (Izz - Iyy) qr + ixxp
Myb = Iyyq + (Iyx — Iz) pr +Iyyq
Mz = Izi + (Ly — L) pq + Ior (15)

Here, My, My, Mzb]T are all the external torques in the
body axes. [p, ¢, r]” denote the body’s rotational angular
velocities. The rotation of rear fuselage parts changes the
distribution of the vehicle’s weight during transition flight,
leading to the nonzero derivatives of moments of inertia.
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They are calculated by
- | -
> iXio! 0 0
i=1
3 do
i= 0 Yol 0 — (16
;l fly 7 (16)
3 .
0 0 > izio™!

External torques in the body axes are given by

My = Q01— 02+ 03 — Q4+ My
Myb = (Tl — T3) Llang Sin (2 + 0) + M}a
My = (T4 — T2) Ligr + Mz, an

Here, Liongsin (0/2+ 1) represents the control arm of
tail-mounted propellers, while L;,; represents the control arm
of P2 and P4 propellers (shown in Fig.4). Combining (12)
and (15)-(17), the tail-sitter’s rotational dynamic equations
are generated and shown as (18).

Vi
i1 215
ax+§ {( D™ pniD, |:Bo+31 <n,D,,)

i=1

oo ()]

=lLap+ ( z _I))) qr +Ixxp

Vv
May+ ,on%D4 Ao+ A =
P n1D, nlD

— A A L
pn3 + g
0 ! ngDp n3D fon

. g .
X sin (E + 19) =Ly + (L — Iz) pr +Iyyq

2
M+ 3D} [ Ao+ A VL) poa, (2
n
az 20 0 1 nsz 2 nsz
1% Vi \?
+,0”4D4 A0+A1< = >+A2< = ) Lia
n4D, n4Dy

=L, + (Iyy - Ixx) pq + jzzr (18)

IV. CONTROLLER DESIGN

A. CONTROL ALLOCATION

The control inputs involved in the studied tail-sitter include
aerodynamic control surfaces’ deflections [8,, 8., 8,17 and
the rotation speed of each motor [n1, na, n3, nal”. Every
control surface’s dynamics is treated as a one-order trans-
fer function with time constant equaling 0.05s. Obviously
the vehicle’s longitudinal motion is an over-actuated control
system because number of control inputs is larger than that
of states. In order to ensure that a unique controller can be
obtained, the following control allocation between the control
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surfaces’ deflection and the motors’ rotation speed is given by

keks
8 = —
e Kook (n1 —n3)
5y = Laks s = na)
a = Kok nz -+ n3 —n4
8 brks (=na +nq) (19)
= ny+n
r kn k. 2 4
Here, k, = —1,k, = —0.5, k. = —1 and they are gains
for three rotation channels, k. = 0.3 and represents the
proportion of the motor command used for attitude control,
ks = 0.349rad and represents the maximum of control

surfaces’ deflection.

B. INCREMENTAL DYNAMIC INVERSION METHOD
The general form of the non-affine, nonlinear system is

X(1) = f(x(1)) + g(x(1), u(?))
y(©) = h(x(1)) (20)
where, x(¢) is the state vector, u(t) is the control vector, and

y(1) is the output vector.
Perform Taylor expansion on (16) at xg, ug, we can get

.. af (x, u) 9g(x, u)
=0+ L0 w0+ - x)
dg(x, u)
+ ga—|X0 ll()(u ll()) + A
= Py 21)
y= dx

Considering that within a very small sampling time inter-
val, the input response of the system is much faster than
the state response, so the contribution of Ax on the output
derivative is negligible compared to Au. Therefore, (17) can
be simplified as

dh dg(x, u)
vy~ Ix Xo + T|x0,uo(u —up)

= Yo + B(xo, up)Au (22)
The INDI control law is given by inversing (17)

Au = B~ (x0, ) (Jes — ¥0)
=1up+ Au (23)
where yqes is the desired output vector, yo is the current out-

put vector, B! (x0, up) is the generalized inverse of current
control effectiveness matrix.

C. ATTITUDE CONTROL BASED ON INDI

1) OUTER LOOP CONTROLLER

The desired rate of Euler angles satisfies the following control
law.

((b - (bdes) + Kp¢ (¢ — (bdes) =0
(9 - édes) + er (0 — 04es) =0
(¥ — Vdes) + Kpy (¥ — Yaes) = 0 (24)
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FIGURE 15. Angular velocity controller structure based on INDI.

Here, 4.5 is directly given, and @ges, 0405 are obtained
from the altitude controller in the section IV. The desired
Euler angular velocity can be obtained by solving the above
equation. They are then converted to desired body angular

rates [pa qa ra ]T by

Pd | (édes
qd | = T;,_ Qdes (25)
rd Ydes

Similarly, the control law for the body angular velocity is
given by
(D — Pdes) + Kpp (P —DPdes) =0
(@ — qdes) + Kpq (4 — qaes) = 0

(F — Fies) + Kpr (r —rdges) =0 (26)
2) INDI BASED INNER LOOP CONTROLLER
Substituting (19) to (18), we can get

@b, =1"'"(Enon+Fn+ H) (27)
where

T
n—= [m ny nj3 n4]
DpBO _DpBO DpBO _DPBO

4 . (O . /0
E = pr AoLjong sin (73 + z?) 0 —AgLjpng sin (?s + 79) 0

0 —AoLjar 0 AoLiq
(i A A —h
F=1/ 0 f O
L0 =3 0 f3
-MxO (B,o5, V) — (Izz - Iyy) qr — {xxp
H=| My (o, 05, V) = (Ix — Iz) pr — Iyyq
_MZO (B,o5, V) — (Iyy - Ixx)Pq — Ipr
Inside the matrix F,
PV 2Sref Cnxs, Pkaks
= pD*BV a
fi = pD,B1V, + T
3 . (Os
f2 = pD, A1V Liong sin (E + 19)
PV 2Syef Cnys, Sekeks cos (o5/2 + )
2kpk, cos ()
PV 2Ssef Cinzs, 8rbkrks cos (a5/2 + )
= pD3A\V Ly + ’
f3 = pPDyAV  Liat ok, cos (0)
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Referring to (17), replace y with @y, and performing the
Taylor expansion, we can get
- n40) + F] (n —ng)
(28)

Yy = @p X @po + 1! [2Ediag (n19, - -

Here, ng is the motor rotation speed at the current time,
and @y is the current body angular acceleration. The angular
acceleration can be measured by deriving it from the gyro-
scope measurement [31].

Replace @p with @¢pg, the control law of angular velocity
based on INDI is given by

., 1140) + F17 1 (@ema — @bo) + 0o
(29)

n = [2Ediag (n1o, . .

Combined with the following total thrust equation, each
motor’s desired rotation speed can be solved. Total thrust is
obtained from the altitude controller as same as the required
Euler angles.

4
4 Vi’ Vi

Tema=pDy Y A ) A )+ A0 (B0)
i=1 p

I’ll'p

It is noted that the derivatives of moments of inertia are
eliminated naturally here, which are much slower than the
control inputs.

The block diagram of the attitude angular velocity control
based on INDI is shown in Fig.15, in which 7, = 0.05s and
7y = 0.05s.

D. ALTITUDE CONTROL
Simplifying the combination of (13) and (14), the motion
dynamic equations of the vehicle are given by

T cos@—Dcos (8 —a)—Lsin (0 —oz):mVex 31

mg — T sinf+Dsin (0 —a)—Lcos (0 —a)=mV.  (32)
Use PD controller to control the altitude

Vezd = Ky, (sz (Zed — ze) — Vz) (33)

Substituting (20) to (21), we can get
— (mVeza + Lcos (8 — a) — Dsin (0 — o) — mg)

T, =
d sin @

(34)
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When the tail-sitter is flying with constant altitude during
the transition phase with small disturbance, the angle of attack
is equal to the pitch angle, i.e. @ =~ 6. Therefore, the altitude
controller is rewritten as

- (mVezd +L— mg)

T,
d sin @

%

(35)

Lift can be estimated from the current ground speed and
pitch angle under no disturbance flight condition because it
is much easier to read the ground speed and pitch angle from
sensors than the airspeed and angle of attack.

V. SIMULATION AND VALIDATION
This part conducts many simulations on the proposed
tail-sitter to verify its transition flight capability and the
controller’s effectiveness.

The control gains are selected as Table 2.

TABLE 2. Attitude control loop gains selection.

Attitude
. KW Kpﬁ Kpu/ Kpp qu KP’
control gains
Value 2 2 2 8 10 8
Altitude
K px K Py K P
control gains
Value 1 1 4

An altitude hold transition strategy is given by

6o t <ty
01 — 6,
Oma = 3 21— (t—t)+6y th<t<t (36)
=1
91 t=>1n
Zed = —hema = _hO (37)

Meanwhile, roll and yaw angle are controlled to 0° during
the transition flight. The strategy parameters of the front and
back transition flight are set as Table 3.

TABLE 3. Transition flight simulation parameters.

Parameters 0, 0, t t, h,

Forward transition ~ 86°  8° Is 6s 10m

Back transition 8  86° 565 61s 10m

According to Table.3, the pitch angle linearly decreases
from 86° to 8° during the forward transition and vice versa for
the back transition. Altitude is commanded to hold 10 meters
all the time. The duration of the front and back transition are
both designed as 5 seconds.

The angle between the two rear fuselage’s parts needs to be
changed according to certain strategy during transition flight.
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Pitch angle is one of the key factors for judging the flight
mode of the tail-sitter. Therefore, the varying angle can be
controlled according to the pitch angle. To be specific, a linear
varying strategy along with pitch angle is designed as

0 0 <6
. 150 (6 — 6
o) =1 10O =% , _\ o, (38)
03 — 0
150 0> 6

where 6, = 70°, 63 = 20°.

A. NOMINAL CONDITION

Fig.16—Fig.18 show the simulation results of the forward
transition flight under no disturbance condition. It can be seen
that the pitch angle follows the command smoothly with an
acceptable delay which is about 0.25 second. Small fluctua-
tions occur for the roll and yaw angle, whose magnitude are
less than 0.43° and 0.21°. They both occur nearly in the end
of the forward transition. The altitude decreases by 0.055m at
the beginning and returns to 10.0m when the forward transi-
tion is completed. As for the velocity, it increases from 4.5m/s
to 18.3m/s rapidly within the first four seconds. Then the
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FIGURE 16. Euler angles’ response during forward transition flight.
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FIGURE 18. Varying angle during forward transition.

65583



IEEE Access

X. Xia et al.: Transition Flight Control and Simulation of Novel Tail-Sitter UAV

velocity decreases by about 0.5m/s from 5.2s to 5.9s. Finally,
the velocity increases again to 20.4m/s. This oscillation of
velocity is caused by strong nonlinear aerodynamics around
the stall angle of attack. The varying angle response is shown
as Fig.18.

The varying angle’s change during the forward transition
is

Under nominal condition, the simulation results of the back
transition are shown in Fig.19-Fig.21. In this process, the
pitch angle can follow the command smoothly with a delay
about 0.25s as same as that of forward transition. What is
different from the forward transition is that there is small
oscillation at about 57s for the pitch angle, which is caused
by the nonlinear aerodynamic pitch moment. The roll angle’s
maximum fluctuation is 3.24°, and that of yaw angle is
0.92°, both arising in the early stage of back transition flight.
They are larger than those during the forward transition. The
altitude fluctuates with an amplitude of 0.025m and returns
to 10.0m finally. Similarly, there is also an oscillation for
the velocity around the stall angle of attack. On the whole,
the novel tail-sitter complete the forward and transition flight
successfully, which validates the practicality of the vehicle
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FIGURE 19. Euler angles’ response during back transition flight.
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design and the INDI based controller’s effectiveness under
nominal condition.

B. MODEL MISMATCH ANALYSIS
One of the major uncertainties in the transition flight simu-
lation is the high angle of attack aerodynamics, which could
not be calculated precisely until now. Specifically, the stall
angle of attack prediction is still a difficult problem and
there always exists oscillation on the aerodynamics at high
angle of attack. Therefore, we firstly simulate the forward
and back transition flight with different stall angles of attacks.
Then, each aerodynamic coefficient is multiplied by a cosine
function with 0.3 magnitude and 1Hz frequency to simulate
the oscillated aerodynamics. Note that the change in aerody-
namics is not known for the designed controller. Longitudinal
aerodynamics being estimated by ground speed and pitch
angle is still used for the transition flight control.

The transition flight simulation with different stall angles
of attack are shown as Fig.22.
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FIGURE 22. Back transition flight with different stall angles of attack.

For this tail-sitter, when the stall angle of attack increases
or decreases by 3°, the pitch angle’s response becomes less
stable than before. The velocity and altitude also come cross
larger fluctuations. For example, the altitude’s maximum
error is —1.5m during the forward transition flight when the
stall angle of attack changes to 18°. However, the tail-sitter
with designed controller still can complete transition flight
with all different stall angles of attack.

Simulation results with aerodynamic coefficients mis-
match are shown in Fig.23.

It can be seen that aerodynamic coefficients’ mismatch
does not have large influence on the transition flight. As far as
the pitch angle is concerned, there are more small fluctuations
only when the tail-sitter is near to horizontal flight mode.
During the forward transition flight, the altitude has more
oscillations than the nominal condition. But the maximum
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FIGURE 23. Pitch angle and altitude response with aerodynamic
coefficients mismatch.

magnitude of oscillations is less than 0.15m, which has little
influence on the flight safety. As for the back transition flight,
the changes brought by coefficients’ mismatch can even be
ignored compared to the nominal flight condition.

C. VARYING STRATEGIES
In addition to controlling the rear fuselages’ varying angle
according to the pitch angle, we also proposed two other
varying strategies.

Varying strategy 1 is given by

150 V<V,
° —150(V =V
o(°) = —150V = Vi) 1)+150 VisV<Vv, (39
Vo, —Vy
0 V>V
Varying strategy 2 is given by
o =175° (40)

The first strategy is to control the varying angle according
to the flight speed. During the transition flight, when the
speed is less than V| = 4m/s, the two rear fuselage’s parts are
fully separated to 150° and the tail-mounted propellers can
provide maximum pitch moment. When the speed is larger
than Vo = 18m/s, the two rear fuselages are completely
combined, turning the tail sitter to a conventional fixed-wing
UAV with a streamlined geometry, and the longitudinal con-
trol turns to rely on the deflection of the elevator. Between
these two speed limits, the varying angle changes linearly
according to flight velocity.

The meaning of the second varying strategy is keeping
varying angle holding at 75° during the transition flight, with
the variation between 75° and 150° being carried out in the
vertical flight mode and the variation between 0° and 75° in
the horizontal flight mode.
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Denote the linear varying strategy along with pitch angle
discussed in the beginning of section IV as strategy 3 and
simulate them all, we can get the following results.

The results show that speed-related varying strategy is
the most sluggish and uncertain one. Especially for back
transition, the varying process is much slower for the
velocity-related strategy. As for the altitude, there is no sig-
nificant difference in it among different strategies. However,
the precision of measuring air velocity is much lower than
that of pitch angle in reality. Therefore speed-related varying
strategy is not the best varying strategy. As for the strategy 2,
there is no instinct difference compared to strategy 3, but
this strategy extends the varying time, which may bring more
uncertainties. In conclusion, strategy 3 which varies the fuse-
lage shape according to the pitch angle is the prior choice for
this novel tail sitter.

D. WIND DISTURBANCE CONSIDERATION

Tail-sitter UAV is very sensitive to gusts during transition
flight for its large windward wing area. In order to verify the
researched tail-sitter’s gust resistant ability, the ““1-cosine”
standard gust model is applied on the transition flight.
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The gust speed is within 5 m/s and unmeasurable for the
controller. The direction of applied gust is along the —x,
direction, which means it is almost perpendicular to the wing
surface in the early stage of forward transition flight.

From Fig.27, we can see that the gust has little influence on
the forward transition flight. The altitude’s fluctuation even
becomes smaller than those without gust disturbance. But for
the back transition flight, the gust disturbance has a great
influence. It causes the tail-sitter climbing up to 13.55 meters
and then dropping to 8.76 meters. At the same time, the roll
and yaw angle also experience larger oscillations than that
during forward transition. However, the novel tail-sitter
is able to conduct transition flight with gust disturbance
successfully.

VI. CONCLUSION

1) This article provided a novel tail-sitter UAV with varying
fuselage shape design and validated its transition flight capa-
bility through simulation. Further speaking, the practicality
of the varying fuselage shape design is verified as well for
the successful transition flight.

2) The novelty of this article stems from: a) the design of
varying fuselage shape for tail-sitter to enhance the vertical
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and horizontal flight capability, b) the transition flight model-
ing and control based on INDI method for the novel tail-sitter
never been studied before, c) the comparison between differ-
ent flight strategies for the fuselage shape’s varying motion
during transition flight.

3) Nominal and model mismatch simulations validate the
effectiveness of INDI based control method. Besides, tran-
sition flight with gust disturbance is simulated, verifying
the controller’s robustness as well. Compared with nominal
conditions, the gust has little influence on the forward tran-
sition flight. For the back transition flight, the gust causes an
decrease about 1.24m in altitude, which is not a big problem
for successful transition maneuver.

4) Three different varying strategies for the fuselage
shape’s varying were simulated and compared. It is concluded
that the strategy related to the pitch angle is a prior choice for
its accuracy and reliability.
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