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ABSTRACT The quad tilt rotor (QTR) has the problem of manipulation redundancy due to the helicopter
and fixed-wing manipulation mechanisms. Solving the problem of manipulation redundancy and develop an
effective manipulation strategy is critical for QTR during conversion flight. A novel manipulation strategy
based on states of QTR is proposed in this paper to solve the problem of manipulation redundancy in
conversion mode. The longitude is controlled by the tilt angle of nacelle in helicopter mode and the course
is controlled by the speed error of propellers in fixed-wing mode. The Active Disturbance Rejection Control
(ADRC) is adopt into the flight control law, which can observe and compensate for internal and external
disturbance. The simulation and flight test are carried out to verify the proposed manipulation strategy and
the results show that the proposed manipulation strategy is effective and reasonable.

INDEX TERMS Quad tilt rotor, manipulation redundancy, manipulation strategy, conversion corridor,
flight test.

I. INTRODUCTION
The Quad Tilt Rotor (QTR) [1]–[3] Unmanned Aerial Vehi-
cle (UAV) is a novel vehicle which has the advantages of
both fixed-wing and helicopter. It has the Vertical Take Off
and Landing (VTOL) performance of a helicopter. At the
same time, it has the characteristics of high cruising veloc-
ity of a fixed-wing. The QTR has three flight modes [4]:
helicopter mode, fixed-wing mode and conversion mode.
Its outstanding feature is that there is a tiltable nacelle at
each end of the wing. When flying in helicopter mode, the
nacelle is perpendicular to the fuselage at an angle of 90◦.
The propellers provide lift and attitude control torque for
the aircraft . When flying in conversion mode, the nacelle
gradually tilts forward, and the tilt angle changes from 90◦

to 0◦. The velocity of QTR gradually increases, and the
lift of QTR is gradually provided by wings. In conversion
mode, the attitude of QTR is controlled by the propellers
and the aircraft rudder surface. When the nacelle tilts to
horizontal position, the aircraft turns to fixed-wing mode.
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approving it for publication was Ton Duc Do .

The propellers only provide the forward pulling force of the
aircraft, the lift provided by the wings counteracts the gravity
of the aircraft, and the attitude of the aircraft is controlled by
the rudder surface. The flight control system of the QTRUAV
is very complicated, especially the design of the manipulation
strategy in the conversion mode is an important research
topic [5]–[8].

QTR UAV has both helicopter and fixed-wing manipula-
tion surfaces, and gradually transforms with the change of
nacelle tilt angle. The QTR can be controlled in the same
state by helicopter or fixed wing control mechanism and the
nacelle. Therefore, the manipulation redundancy of QTRwill
appear so it has the problem of manipulation redundancy. In
view of the multi-flight mode control and distribution of Tilt
Rotor (TR) UAVs, the main method currently used is that the
lift is provided by the rotor in the helicopter mode, and the
lift is mainly provided by the wing in the fixed-wing mode.
In the conversion mode, the lift is transitioned from the rotor
to the wing by reasonably assigning the control authority. The
minimum forward flight speed of the TR UAV and the power
provided by the rotor determine the tilt conversion corridor
of the TR UAV. In the tilt conversion corridor, choosing an
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optimal tilt path is essential for the TR UAV to complete a
safe and stable conversion flight [9]–[14].

To achieve the mode conversion of a dual tilt rotor
unmanned aerial vehicle (dual-TRUAV) from helicopter
mode to fixed-wing mode, Zheng [15] et al. focused on
its conversion control method based on necessary dynamic
analysis. With the influence of the tilt angle on dual-TRUAV
dynamics analysis, the conversion control strategy based on
the tilt angle was established. Sakai andAbiko [16] developed
a seamless attitude conversion control method and verified
with numerical simulation. Aiming at the problem of manip-
ulation redundancy , Wang et al. [17] studied the rudder
surface allocation strategy and control channel switching
strategy of the aircraft in conversion mode, and developed
an attitude controller which designed based on active dis-
turbance rejection control (ADRC) [18]–[21]. They assign
the control authority of the rudder surface and the rotor
according to the trigonometric function. According to the
forward speed and vertical speed, a control channel switching
strategy related to the tilt angle is designed. Before starting
the conversion mode, the forward speed must be accelerated
to 15m/s. However, there is no discussion of conversion
directly from hover. Zhang and Lu [22], Zhang et al. [23]
analyzed the manipulation strategy based on fuzzy control
for the manipulation redundancy of the TR. They divided the
tilting phase into two stages. When the tilting angle is less
than 45◦, it is defined as the low-speed phase, and when the
tilting angle is greater than 45◦, it is defined as the high-speed
phase. The helicopter control mode is adopted in the low-
speed stage, and the fixed-wing control mode is adopted in
the high-speed stage. After adopting fuzzy control to control
the nacelle’s tilting speed, the height change is reduced from
the original 30m to 10m, but the height change is still large
for small TRs. Xia et al. [24] and others established nonlinear
aerodynamic models and flight dynamics models for TR
UAVs, and analyzed the full-mode control characteristics,
and obtained the control efficiency according to the trim
analysis and linearization processing. A set of maneuvering
strategies suitable for all modes is proposed. Based on the
results obtained from the manipulation efficiency analysis,
they assigned a linear control authority to a single chan-
nel based on the forward flight speed, and used Proportion
Integral Differential (PID) control methods to simulate and
verify the four channels. Their research results show that
the problem of control redundancy can be effectively solved
through linear control authority assignment related to for-
ward flight speed. The above documents basically rely on
experience to solve the problem of control redundancy, Yan
and Chen [25] introduced the hybrid control equation into
the longitudinal flight dynamics model to avoid the jump
and discontinuity in the optimization process for the XV-15
TR aircraft. The conversion process is transformed into a
nonlinear dynamic optimal control problem, and the direct
conversion method and sequential quadratic programming
algorithm are used to solve the optimal control problem.
During the optimization process, they used altitude, pitch

angle, and angular velocity as constraints, and simulated the
conversion process of XV-15 from forward and reverse tilt.
The results show that the optimized control strategy can make
the pitch angle change more smoothly during the conversion
process.

It can be seen from the summary analysis of the above-
mentioned documents that the current solution to the control
redundancy and control strategy of the TR mainly relies on
experience to assign a predetermined control factor. Decou-
pling control of the control surface is realized by assigning
authority for control in different flight states. Regarding the
tilting path, it is basically to ensure that the tilting angular
speed of the TR is within the conversion corridor when the
TR in conversion flight mode. The optimal tilting path is
not selected based on the control strategy. Therefore, it is
necessary to propose a tilt path optimization strategy that
comprehensively considers the control strategy to realize the
stable and rapid state transition of the TR UAV during the
conversion flight.

All of the researches are focus on the general tilt rotor
[26], [27]. The tilt rotor aircraft has the problem of rotor
and wing aerodynamic interference. In the hovering state, the
downwash of the rotor hits the wing directly, which will lead
to excessive power consumption in the hovering stage. The
hovering stage is one of the main working state of the tilt rotor
aircraft. The flight time of the tilt rotor without the tilt wing
is greatly shortened. In order to solve the problem above, we
design a tilt rotor with partial tilt wing. The design of tilt wing
is beneficial to reduce the downwash of the rotor to the wing
in hovering mode.

In this paper, the dynamic model of quad tilt rotor with par-
tial tilt wingwas established based onGoldstein vortex theory
to obtain the conversion corridor. Then, a novel manipulation
strategy was proposed to keep the altitude with shortest tilt-
ing time in conversion process. Another three manipulation
strategy were developed and ADRC algorithm was used to
compare with the proposed manipulation strategy. Finally,
the simulation and flight test were carried out to verify the
proposed manipulation strategy.

The main contributions in this manuscript are list below:
1) To avoid the ‘‘fountain effect’’ [28]in helicopter mode,

the partial tilt wing is designed for the novel quad tilt
rotor.

2) Based on the conversion corridor, a novel manipulation
strategy is proposed. The altitude, forward velocity and
tilt angle are introduced into the manipulation strategy
to ensure the stability of the altitude and attitude in
conversion process.

3) In helicopter mode, the QTR is moved horizontally
by the nacelle tilting, which ensures that the fuselage
is always at a positive angle of attack and the wings
always provide effective lift. In the fixed-wing mode,
the course control is realized by the difference of pro-
peller pull on both sides of the fuselage, which can
increase the efficiency of course control and reduce the
rudder, making the structure simpler.
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FIGURE 1. 3D model of quad tilt rotor with partial tilt wing.

TABLE 1. Parameters of the quad tilt rotor with partial tilt wing.

4) In order to effectively verify the manipulation strat-
egy proposed in this paper, a prototype aircraft are
designed. Both the simulation and flight test results
show that the manipulation strategy proposed in this
paper can solve the manipulation redundancy in con-
version mode very well, and the proposed tilting path
can ensure the stability of the altitude and attitude in
conversion corridor.

Section II shows the dynamic model of quad tilt rotor.
Section III describes the conversion corridor. Section IV
shows the manipulation strategy. Section V describes the
flight control law. Section VI shows the results and discus-
sions of simulation and flight test. Finally, section VIII draws
some conclusions for this paper.

II. DYNAMIC MODEL OF QUAD TILT ROTOR
The quad tilt rotor with partial tilt wing in this paper is
shown in Figure 1. The parameters of the quad tilt rotor with
partial tilt wing is shown in Table 1. The complexity of the
mathematical model is related to the purpose, precision and
application of the model. The more detailed the description
model is, the more complex the model will be, and the dif-
ficulty of solving the model and the application cost of the

model will increase accordingly. Therefore, it is necessary
to compromise the precision and applicability of the model
when establishing the mathematical model. Therefore, before
establishing the QTR flight dynamics model, the following
assumptions were made:

1) The ground is assumed to be inertial reference system,
that is, the ground coordinates are assumed to be iner-
tial coordinates.

2) Think of the earth as flat regardless of the curvature of
the earth.

3) The acceleration of gravity and the density of air do not
change with altitude.

4) QTR is a rigid body and the mass of the QTR is
constant.

5) The blade is rigid, with linear torsion.
6) Compressibility and airflow separation are not consid-

ered, and the reflux region is ignored.
7) Aerodynamic interference between the QTR left and

right rotors is not considered.
8) QTR has a longitudinal symmetric plane, the ObXbZb

plane of the body coordinate system is a QTR symmet-
ric plane, and the product of inertia Ixy = Iyz = 0.

9) QTR is off the ground.
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FIGURE 2. Earth/Body/Wind coordinate system.

A. COORDINATE AXIS
The equations of motion for any system are estab-
lished for a particular reference coordinate. In this paper,
the earth coordinate system, body coordinate system,
wind coordinate system, nacelle coordinate system, pro-
peller coordinate system and hub-wind coordinate sys-
tem will be used in the establishment of QTR flight
dynamics mathematical model as shown in Figure 2 and
Figure 3.

1) EARTH COORDINATE AXIS
The earth coordinate system, also known as the navigation
coordinate system or the ground coordinate system, is fixed
on the ground of the coordinate system, its origin and axes are
defined as follows: The origin (denoted as On) is fixed to any
point on the ground; The X axis (denoted as Xn) points to the
geographic North Pole; The Y axis (denoted as Yn) points to
the east; The Z axis (denoted as Zn) points downwards along
the ellipsoid normal.

Position coordinate vector Pn, velocity coordinate
vector Vn, and acceleration coordinate vector an are respec-
tively defined as:

Pn =

 xn
yn
zn

 ,Vn =
 un
vn
wn

 , an =
 ax,n
ay,n
az,n

 (1)

For simplicity, the following position vector symbols of the
earth coordinate system are used throughout this article:

Pn =

 x
y
z

 (2)

In addition, h = −z is used to represent the actual flight
altitude of the UAV system.

2) BODY COORDINATE AXIS
The body axis coordinate system is fixed to the aircraft and
directly defined on the airframe. The origin and each coordi-
nate axis are defined as follows: The origin (denoted as Ob)
is the center of gravity(CG) of the aircraft; X axis (denoted
as Xb) is located in the longitudinal symmetry plane of the
aircraft and points to the nose of the aircraft; Z axis (denoted
as Zb) is located in the longitudinal symmetry plane of the
aircraft and points to the abdomen of the aircraft; Y axis
(denoted as Yb) points to the right side of the fuselage and
forms the right hand rule with X axis and Z axis.

The velocity coordinate vector Vb and the acceleration
coordinate vector ab are defined as follows:

Vb =

 u
v
w

 , ab =
 ax
ay
az

 (3)
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FIGURE 3. Nacelle/Propeller/Hub-wind coordinate system.

3) WIND COORDINATE AXIS
The wind axis coordinate system is fixed on the aircraft, and
its origin and coordinate axes are defined as follows: The
origin (denoted as Ow) is at the aerodynamic center of all
parts of the aircraft; The axis of X (denoted as Xw) is the
direction of air flow; Z axis (denoted as Zw) is perpendicular
to the incoming flow direction and points below the fuselage
in the longitudinal symmetric plane; The Y axis (denoted as
Yw) points to the right and forms the right hand rule with the
X axis and the Z axis.

The lateral slip Angle β is the Angle between the axis
of OwXw and the plane of XbObZb, which is positive to the
right; the aerodynamicAngle of attackα is theAngle between
the velocity vector in the plane of XbObZb and the plane of
XbObYb, which is positive downward.

4) NACELLE COORDINATE AXIS
The nacelle coordinate system is attached to the nacelles at
each end of the wing, with the origin and axes defined as
follows: The origin (denoted as ON ) is fixed at the fulcrum

of the nacelles at each end of the wing; The X axis (denoted
as XN ) points to the front in the longitudinal plane of the
entire nacelles; Y axis (denoted as YN ) is perpendicular to
the nacelles longitudinal plane, pointing to the right; The Z
axis (denoted as ZN ) forms the right hand rule with the X axis
and the Y axis.
The start of the nacelle axis coordinate system is defined

at βm = 90◦, where βm is the nacelle tilt angle. The nacelle
coordinate system moves with the nacelles.

5) PROPELLER COORDINATE AXIS
The coordinate system of the propeller is firmly connected
with the hub of the aircraft propeller. The origin and each
coordinate axis are defined as follows: The origin (denoted
as OH ) is fixed at the hub center at both ends of the wing; X
axis (denoted asXH ) points to the front end in the longitudinal
plane of the entire paddle disk; Y axis (denoted as YH ) is
perpendicular to the longitudinal plane of the paddle disk,
pointing to the right; The Z axis (denoted as ZH ) forms the
right hand rule with the X axis and the Y axis.
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The start of the propeller axis coordinate system is defined
at βm = 90◦, where βm is the nacelle tilt angle. The nacelle
coordinate system moves with the nacelles.

6) HUB-WIND COORDINATE AXIS
The hub-wind axis coordinate system is fixed on the hub, and
its origin and each coordinate axis are defined as follows: The
origin (denoted as OHw) is in the center of the aircraft hub;
The axis of X (denoted as XHw ) is the direction of air flow; Z
axis (denoted as ZHw ) is perpendicular to the incoming flow
direction and points below the fuselage in the longitudinal
symmetric plane; The Y axis (denoted as YHw ) points to the
right and forms the right hand rule with the X axis and the Z
axis.

B. FLIGHT DYNAMICS MODEL OF QUAD TILT ROTOR
The dynamic and kinematics equation [29] are shown in
equation (4) and equation (5), as shown at the bottom of the
next page. Where, m is the weight of aircraft, I is the inertia
matrix, u, v,w is the velocity, φ, θ, ψ is the euler Angle,
p, q, r is the angular velocity.

III. CONVERSION CORRIDOR
The QTR is similar to a quad rotor in helicopter mode. The
propeller is the main lift surface. In the fixed-wing mode, the
wing is the lifting surface. During the tilt transition flight,
the propeller tilts with the nacelle. At this time, the propeller
and the wing share the weight of the aircraft, and the pulling
force is provided by the forward component of the tilt of the
propeller. When tilting with low forward speed, the wing may
stall. When tilting with high forward speed, it is limited by
factors such as the available power of the propeller and the
dynamic stability.

A. NACELLE TILT ANGLE-SPEED ENVELOPE WITH LOW
FORWARD SPEED
Nacelle tilt angle-speed envelope with low forward speed
is the minimum stall speed of the wing when nacelle starts
from hovering in helicopter mode until the fixed-wing mode.
Figure 4 shows the force acting on themass center of the QTR
when the nacelle is tilted. In the figure, the s− s plane is the
plane of the propeller hub, V is the forward flight speed, αf is
the airframe angle of attack, T is the propeller pull, G is the
weight of the aircraft, L and D are respectively body lift and
drag.

According to Figure 4, the following force balance rela-
tionship can be obtained:

T sin(in + αf )+ L = G (6)

T cos(in + αf ) = D (7)

The lift L and drag D in the above two equations can be
expressed as:

L = Lw =
1
2
ρV 2ClwSw (8)

D = Dw + Df =
1
2
ρV 2CdwSw +

1
2
ρV 2Cdf Sf (9)

where, Lw and Dw is the lift and drag of wing, Df is the drag
of fuselage, ρ is the density of air, Sw and Sf are the area of
wing and fuselage,Cdf is the drag coefficient of fuselage,Clw
and Cdw are the lift and drag coefficient of wing. Both of Cdf
and Cdw are the function of tilt angle in, attack angle of wing
αw, wing flap / aileron status Fx and flying MachMa, ie:

Clw = f (in, αw,Fx ,Ma) (10)

Cdw = f (in, αw,Fx ,Ma) (11)

During the conversion flight of a TR aircraft, the gravity
of the aircraft transitions from the rotor to the wing. When
tilting at low speed, the lift provided by the wing is limited
by the critical stall attack angle of the wing. Therefore, when
calculating the low-speed section tilt envelope, the wing’s
attack angle is taken as the wing critical angle attack. The
wing attack angle and the fuselage attack angle satisfy the
following relationship:

αw = αlj = iw + αf (12)

where, αlj is the wing critical angle attack, iw is the wing
installation angle.

B. NACELLE TILT ANGLE-SPEED ENVELOPE WITH HIGH
FORWARD SPEED
When the nacelle of a TR aircraft tilts at high speed, it must
not only satisfy the balance of lift and the gravity, but also the
horizontal pull component caused by the tilting of the rotor
and the drag. At the same time, it must make sure that the
rotor has enough available power during the tilting process.

The rotor required power Pr is composed of four parts:
induced powerPi, type resistance powerPpr , waste resistance
power Pp and climb power Pc, namely:

Pr =
2
ηp

(Pi + Ppr + Pp + Pc) (13)

where, ηp is the transmission loss coefficient from the engine
to the rotor.

According to the momentum theorem [30] and the prin-
ciple of conservation of energy, the analytical formulae of
induced powerPi, waste resistance powerPp and climb power
Pc can be expressed as:

Pipc = T (Uc + vi) (14)

where,Uc is the speed perpendicular to the plane of the rotor,
and vi is the induced speed of the rotor.

In order to consider the non-uniformity of rotor induced
speed, this paper uses the coefficient Kind to modify it, and
its value is 1.15 [31]. Then the equation (14) becomes:

Pipc = T (Uc + Kindvi) (15)

According to blade theory [30], the type resistance power
of the rotor is:

Ppr = Ppr0(1+ 4.7µ2) (16)

where, Ppr0 = σπR2ρV 3
t cd/8, σ is the rotor solidity, cd is

the drag coefficient of blade, Vt is the rotor tip speed,� is the
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FIGURE 4. The force acting on the mass center of the QTR.

rotor spinning speed, rotor forward ratio is µ = Ut/(�R), Ut
is the speed parallel to the rotor plane.

Define the rotor lift coefficient CT and power coefficient
CP as:

CT =
T

1
2ρπR

2V 2
t

(17)

CP =
P

1
2ρπR

2V 3
t

(18)

Then the rotor power coefficient can be further expressed
as:

CT =
1
2
C3/2
T (Ūc + Kind v̄i)+

1
4
σcd (1+ 4.7µ2) (19)

where, Ūc = Uc/vh, v̄i = vi/vh and vh =
√
T/(2ρπR2) is

the rotor characteristic induced speed.
Define Ūt = Ut/vh, according to the momentum theory,

the rotor induced speed satisfies the following formula:

v̄4i + 2Ūcv̄3i + (Ū2
c + Ū

2
t )v̄

2
i = 1 (20)

From equation (13) and equation (18), the total required
power of the rotor is:

Pr =
1
ηp
ρπR2(�R)3CP (21)

In this way, the nacelle tilting angle-speed envelope bound-
ary of the high-speed section of the TR aircraft satisfies the
force balance relationship while the total required power of
the rotor cannot exceed the rated power Pn of the engine
output, namely

Pr ≤ Pn (22)

C. CALCULATION PROCESS
Equations (6) and (7) are the balance equations for calculating
the conversion corridor of the TR aircraft. The two equations
can solve the two unknowns.

When calculating the low-speed nacelle tilt angle-speed
envelope, the rotor lift and nacelle angle are the unknown
quantities, and when calculating the high-speed nacelle
tilt angle-speed envelope, the rotor lift coefficient and the
fuselage attitude angle are used as the solution. The spe-
cific calculation process is shown in Figure 5. First, obtain
the starting point of the low-speed section tilt angle-speed
envelope. According to the wing non-stall condition equa-
tion (12), at different flight speeds, calculate the wing and
fuselage aerodynamic forces of equation (8) and (9) and sub-
stitute them into the balance equations (6) and (7). Taking
the rotor lift and nacelle angle as unknown quantities, using
Newton’s method for trim calculation, obtain the low-speed
tilt angle-speed envelope of the TR aircraft. When calculat-
ing the tilt angle-speed envelope of the high-speed section, set
the nacelle angle of TR, use Newton’s method to calculate the
balance equations (6) and (7). According to equation (21),
obtain the value of the rotor required power changed with the
forward flight speed, and then according to the engine output
power limit condition formula (22), obtain the tilt angle-speed
envelope of the TR aircraft at high speed.

Figure 6 shows the calculated tilt conversion corridor of
the QTR with partial tilt wing. Where, the black line is the
tilt angle-speed envelope at high speed and the red line is
the tilt angle-speed envelope at low speed. It can be seen



Fx = m(u̇+ qw− rv)+ mg sin θ
Fy = m(v̇+ ru− pw)− mg cos θ sinφ
Fz = m(ẇ+ pv− qu)− mg cos θ cosφ
Mx = Ixx ṗ− (Iyy − Izz)qr + Iyz(r2 − q2)− Ixz(pq+ ṙ)+ Ixy(pr − q̇)
My = Iyyq̇− (Izz − Ixx)pr + Ixz(p2 − r2)− Ixy(qr − ṗ)+ Iyz(pq− ṙ)
Mz = Izzṙ − (Ixx − Iyy)pq+ Ixy(q2 − p2)− Iyz(pr − q̇)+ Ixz(qr − ṗ)

(4)


p = φ̇ − ψ̇ sin θ
q = θ̇ cosφ + ψ̇ sinφ cos θ
r = −θ̇ sinφ + ψ̇ cosφ cos θ

(5)
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FIGURE 5. Conversion corridor calculation process.

FIGURE 6. The conversion corridor of quad tilt rotor.

from the Figure 6 that the nacelle can be tilted forward by
a maximum of 10◦ in helicopter mode, and the minimum
flight speed when tilting to fixed-wing mode is 18m/s, and
the maximum flight speed is 50m/s. The conversion of the
aircraft is a variable speed and structure change process, and
the maneuvering and distribution between the propeller and

the wing must be reasonably controlled. If the forward speed
is too low in fixed-wing mode, the wing will stall. Therefore,
the conversion mode is a process related to altitude, forward
speed, and tilt angle.

IV. MANIPULATION STRATEGY
A. MANIPULATION ALLOCATION
It is very important to manipulate the altitude and attitude to
ensure the safety of the QTR in the conversion process. The
altitude control andmanipulation distribution strategy used in
the QTR are shown in Table 2 and Figure 7.

It can be seen from Table 2 that the biggest difference
between the manipulation allocation strategy used in this
paper and the traditional manipulation allocation strategy is
that the tilt angle is used to control the longitudinal chan-
nel in helicopter mode and the rotor is used to control the
heading channel in fixed-wing mode. Using the tilt angle
to control the longitudinal channel of the helicopter mode
can keep the airframe at a positive angle of attack the wings
can provide lift, and the nacelle can continue to tilt based
on the current tilt angle when entering the conversion mode,
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FIGURE 7. Manipulation distribution in conversion mode.

TABLE 2. Manipulation allocation of the QTR.

which can effectively shorten the conversion time. Since the
QTR designed in this paper does not have rudder, the pull
generated by the rotor is still used in the fixed-wing mode to
realize the heading channel control of the QTR. In Figure 7,
the distribution coefficient k1, k2, k3, k4 are related to the tilt
angle βm and forward velocity V from figure 6.

k1 =
((
cos

(
2
(
π
/
2− βm

)))
+ 1

)/
2 (23)

k2 =
((
sin
(
2
(
π
/
2− βm

)
− π

/
2
))
+ 1

)/
2 (24)

k3 =


1, u < 18

1−
u− 18
20

, 18 ≤ u < 38

0, u ≥ 38

(25)

k4 =


0, u < 18
u− 18
20

, 18 ≤ u < 38

1, u ≥ 38

(26)

where, the value 18 and 38 in the above equations are the
minimum velocity of fixed-wing mode and the maximum
velocity of conversion mode with βm = 60◦.

B. DIGITAL SIMULATION VERIFICATION RESULTS
In order to compare the manipulation strategy, we designed
another three conversion strategies [32]. The conversion
parameters of the four conditions are shown in table 3.
• Condition 1: conversion with different tilt rate, and
waiting for the forward velocity to reach the set speed
at the set tilt angle;

• Condition 2: directly conversion from helicopter mode
to fixed wing mode at different tilt rate;

• Condition 3: conversion with one tilt rate, and waiting
for the forward velocity to reach the set speed at the set
tilt angle;

• Condition 4: directly conversion from helicopter mode
to fixed wing mode at one tilt rate.

The simulation results are shown in Table 4 and Figure 8.
It can be seen from the Figure 8 and Table 4 that when
βm < 30◦, the simulation results are same due to the same of
the four conditions. When tilt angle is small, the velocity of
the vehicle is established too slow, according to the manip-
ulation strategy, the vehicle will lower its head to increase
the velocity which will lead to a reduction in altitude. When
30◦ ≤ βm < 50◦, the nacelle of condition 2 and 4 continue
tilting, and the nacelle of condition 1 and 3 will wait the
velocity reaching 17.9 m/s at βm = 30◦. The velocity in
condition 2 is increasing faster than it in condition4 due to
the tilt rate of condition 2 is much faster. The lift increased
by wing can not balance the vertical tension reduced by
propeller, which will lead to the altitude reduced and the
pitch angle became bigger to reduce the change of altitude.
When the velocity reaches the set speed at βm = 30◦, the
simulation results are all the same in the four conditions. In
the conversion process, the change of altitude is crucial to the
safety. From Figure 8 and Table 4, we can see that the most
desired flight condition is condition 1, which has the shortest
conversion time.
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TABLE 3. Parameters of the four conditions.

TABLE 4. Performance of the four conditions.

FIGURE 8. Curves of flight simulation results.

The tilting path under the four conditions are shown in
Figure 9. From this figure we can see that the tilting path of
condition 2 is all out of the conversion corridor. The tilting
path of condition 1 and condition 3 are similar in the con-
version corridor. However, it can be seen that compared with
figure 8, the altitude and pitch angle changing in condition 1
is smaller than it in condition 3.

V. FLIGHT CONTROL LAW
ADRC consists of three parts: Tracking Differentiator (TD),
Extended State Observer (ESO) and Nonlinear State Error

Feedback (NLSEF). The ADRC can observe and compensate
for unknown disturbances [21], [33], [34]. Figure 10 shows
the control law of ADRC.

A. TD
The input signal can arranged a transition process by TD [35]
and obtained a differential signal:

r1(k + 1) = r1(k)+ hr2(k)
r2(k + 1) = r2(k)

+hfst (r1(k)− v(k), r2(k), δ, h)

(27)
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TABLE 5. Key parameters in ADRC.

FIGURE 9. Tilting path of the four conditions.

fst(x1, x2, δ, h) = −

{
δsign(a), |a| > d

δ
a
d
, |a| ≤ d

(28)

a =

 x2 +
a0 − d

2
sign(y), |y| > d0

x2 +
y
h
, |y| ≤ d0

(29)


d = δh
d0 = hd
y = x1 + hx2

a0 =
√
d2 + 8δ|y|

(30)

where, r1(k) and r2(k) are the tracking signals of v(k) and
v̇(k), δ is the tracking speed factor, h is the tracking step size.

B. EXTENDED SATE OBSERVER
The disturbance of the system can be estimated and compen-
sated by the ESO [35]:

e = z1 − y
ż1 = z2 − β1e
ż2 = z3 − β2fal (e, α1, δ)+ bu
ż3 = −β3fal (e, α2, δ)

(31)

fal(e, α, δ) =

{ e
δ1−α

, |e| ≤ δ

|e|αsign(e), |e| > δ
(32)

where, βi > 0 (i = 1, 2, 3), and α1 = 0.5, α2 = 0.25.

C. NONLINEAR STATE ERROR FEEDBACK
The structure of NLSEF [35] is shown below:

e1 = v1 − z1
e2 = v2 − z2
u = β1fal(e1, α1, δ)+ β2fal(e2, α2, δ)

(33)

where, 0 < α1 < 1 < α2.

D. THE INFLUENCE OF ADRC PARAMETERS ON
PERFORMANCE
The key parameters of ADRC are shown in Table 5. Fully
understand the impact of each parameter on the performance
of the controller, which has a certain effect on the parameter
setting of ADRC. Therefore, this subsection takes the pitch
channel of the QTR in the low-speed forward flight state
as an example, and analyzes the impact of the key param-
eters of ADRC with the single parameter variable method.
The input signal of the system is a unit step signal, and
the disturbance signal in the system is a continuous distur-
bance signal of 1.2 sin t . The simulation results are shown in
Figure 11 – Figure 13.

It can be seen from Figure 11(a) that the simulation step
size has a great impact on the accuracy of the simulation
results. The smaller the step size, the higher the accuracy
of the simulation results. The simulation step size has an
obvious relationship with the simulation time. Therefore,
when setting the step size parameter, the time cost of the
simulation needs to be comprehensively considered. It can be
seen from Figure 11(b) that the tracking speed has a greater
impact on the performance of the controller. As the tracking
speed increases, the adjustment time of the system decreases,
but at the same time the overshoot of the system will also
increase. After increasing to a certain value, the adjustment
time decreases less.

Figure 12 shows the influence curves of NLSEF key
parameters on the system. It can be seen from Figure 12(a)
and Figure 12(b) that the saturation function parameters in
NLSEF have different control effects from those in ESO.
As the parameter α01 increases, the overshoot of the system
decreases, but at the same time, the system rise time becomes
larger; as the parameter α02 increases, the system’s ability to
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FIGURE 10. The structure of ADRC.

FIGURE 11. Key parameter influence curves in TD.

suppress signal jitter decreases. Figure 12(c) and Figure 12(d)
are the controller parameters β01 and β02, namely kp and kd in
the PID controller parameters. The influence of this parame-
ter is the same as that of the PID controller. With the increase
of β01, the system overshoots becomes larger, the rise time
becomes shorter, and the system becomes oscillating; with
the increase of β02, the rise time of the system increases, but
at the same time it has a restraining effect on the oscillation
of the system.

Figure 13 is the curves of the influence of ESO key
parameters on the controller performance. From Figure 13(a)
and Figure 13(b), it can be seen that the saturation func-
tion parameter α1 has a greater impact on the performance
of the controller. As α1 increases, the system’s ability to
suppress signal jitter becomes weaker. As α2 increases, the
system’s performance of overshoot is reduced, but the ability
to suppress signal jitter is also weakened. It can be seen
from Figure 13(c) that when the value of the error accu-
racy parameter δ1 is small, it basically has no effect on the
control accuracy of the system. Figure 13(d), (e) and (f)
are the main key parameters in the ESO. It can be seen
from the Figure 13 that as the position tracking parameter
β1 increases, the overshoot of the system decreases, and the
rise time becomes larger, the system oscillation weakens, but

the system adjustment time is basically unchanged. With the
increase of the speed tracking parameter β2, the oscillation
of the system is significantly improved. With the increase of
the disturbance tracking parameter β3, the anti-disturbance
ability of the system is stronger.

It can be seen from the above analysis that in the process
of adjusting ADRC parameters, within the acceptable range
of time cost, in order to increase the accuracy of the simu-
lation, the simulation step size h can be reduced as much as
possible, and the tracking speed δ in TD can be increased;
The saturation function parameters α1, α2, α01, α02 and the
error precision parameter δ1 should be as small as possible
within an appropriate range. ESO parameter β1 should be as
small as possible within the appropriate range, and β2 and β3
should be as large as possible within the appropriate range.
NLSEF parameters β01 and β02 can be adjusted according to
the classic PID control parameters.

VI. PROTOTYPE FLIGHT TEST VERIFICATION RESULTS
In order to verify the effectiveness and feasibility of the
manipulation strategy for the QTR in this paper, this section
conducts a flight test verification analysis. In order to ensure
that the flight test verification can be carried out smoothly
and safely, first established a 3D model of a QTR based
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FIGURE 12. Key parameter influence curves in NLSEF.

on FlightGeaer, and carried out a 3D real scene simulation
experiment based on Ardupilot and FlightGear. Finally, the
flight test of the QTR UAV was completed to verify the
effectiveness of the manipulation strategy. First, the nacelle is
not tilted in the helicopter mode, and the position movement
of the helicopter mode is realized only by the rotation speed
of the rotor, to verify the effectiveness of the manipulation
strategy and flight control law for QTR UAV with different
take off weights. The pitch angle of the fuselage is negative
during the forward flight, and the wings provide negative
lift. Therefore, by tilting the nacelle to realize the position
movement in the helicopter mode, it can ensure that the pitch
angle of the fuselage is positive when flying in the helicopter
mode, and the wings can provide a certain lift. Since the
prototype aircraft does not have a rudder, the rotation speed
of the rotor needs to be used to realize the heading control
in fixed-wing mode. Figure 14 shows the test verification
process.

A. 3D REAL SCENE SIMULATION
In order to reduce the development of the simulation model,
the 3D model of QTR used in this paper is secondary devel-
opment based on the existing V22 model in FlightGear, and
its appearance is changed to a QTR model.

1) 3D MODEL DESIGN OF QTR UAV
In FlightGear, the creation of a new aircraft can be roughly
divided into four steps: create the 3D model of the aircraft,

create the flight dynamics model of the aircraft, create the
animation and the operation of the aircraft, and realize each
subsystem of the aircraft. Specifically, it can be divided into
two major development areas: flight dynamics model devel-
opment and aircraft 3D model development.

Through OpenSceneGraph technology, FlightGear sup-
ports various 3D file formats, including VRML1, AC3D,
DXF, etc. Among them, .ac file is the standard used in most
FG models. The model development in this paper also uses
AC3D for secondary development.

Figure 15 is the rendering of the quad tilt rotormodel devel-
oped with AC3D software. During modeling, it is important
to note that the definition of the object name corresponds to
the name in the configuration file below. The property ‘‘/sim/-
model/path’’ in the main FlightGear property tree controls
which models will be loaded. The easiest way to load a new
model is to use the ‘‘-- prop’’ command:

If set the 3D model to the default value for the aircraft
instead of specifying it on the command line, it is needed to
edit the aircraft configuration file. When starting FlightGear
with the ‘‘--aircraft’’ option, it reads properties from one of
the folders, such as:
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FIGURE 13. Key parameter influence curves in ESO.

2) SIMULATION RESULT ANALYSIS
In the process of simulation, first to takeoff in helicopter
mode, then set a target, let the QTR fly to the target point
automatically. In the process of flight, if the current flight
speed reached the set value, the flight mode automatically
from helicopter turn to fixed-wing. When the QTR reaches
the target point, it will hover around the target position. Then
the flight path planning is carried out for the QTR. The QTR
flies following the set trajectory in fixed-wing mode and land
in helicopter mode. Figure 16 shows the flight modes of QTR
during the whole flight. In the whole simulation process, the
QTR can follow the commands very well, and through the 3D

real scene simulation, the nacelle state of the QTR during the
conversion mode and the flight state of the QTR can be better
reflected.

B. FLIGHT IN HELICOPTER MODE WITHOUT NACELLE
TILTING
1) HOVERING
It can be seen from Figure 18 and Figure 19 that the attitude
of the QTR UAV can well follow the input of the control, and
the aircraft can well maintain the stability of the attitude in
the process of flight, and the change of the attitude angle is
kept within a small angle. In Figure 20, you can see the course
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FIGURE 14. Flight test verification process.

FIGURE 15. 3D model of QTR.

angle control has a certain delay, the effect of the following is
not as obvious as pitch and roll channels. Through the hover
flight test of the QTR UAV, it can be seen from the flight test
results that in the stabilization mode the attitude and position

stabilization can be controlled during the entire flight of the
UAV, and the response of each channel can be follow up the
manipulation input very quickly. The response error of each
channel is within the allowable range, which is consistent
with the simulation results of the control law. It can be seen
that it has a good control effect which able to achieve the
expected flight control results.

2) FIXED ALTITUDE AND FIXED POINT
It can be seen from the Figure 21 that in the stabilization
mode, when the QTR is moving in a horizontal position,
the altitude will change to a certain extent. This is because
when the throttle is constant, the aircraft is in the process of
horizontal movement, the attitude of the aircraft changes to a
certain angle, and the rotor will provide a force component on
the horizontal plane, resulting in a change in the magnitude
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FIGURE 16. Flight modes of QTR in 3D simulation.

FIGURE 17. Hovering flight verification.

FIGURE 18. Pitch channel input and output comparison.

of the force in the vertical direction, and thus the height
of the aircraft will change to a certain extent. However, in
the fixed altitude and fixed point modes, when the aircraft
is moved horizontally, the aircraft will automatically adjust
the motor speed to maintain a stable altitude. In the fixed
altitude mode, the aircraft can keep the position unchanged
when the control amount is not given. When moving forward,
backward, left, right and yaw control, the aircraft will perform
corresponding response movements while maintaining the

FIGURE 19. Roll channel input and output comparison.

FIGURE 20. Yaw channel input and output comparison.

same height. When the throttle is manipulated, the aircraft
only changes in altitude, and the aircraft’s attitude is always
stable. In the fixed point mode, the aircraft can hover steadily
without major drift. According to the data analysis of the
UAV’s fixed altitude and fixed point, it can be seen that the
design of the control law can realize the fixed altitude and
fixed point control of the TQR UAV.
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FIGURE 21. Altitude and attitude changes with the flight mode switch.

C. FULL MODAL FLIGHT WITH NACELLE TILTING
The flight data is analyzed in detail during the flight test.
The specific flight mode can be divided into the following
six parts: vertical takeoff, altitude climb, forward conversion,
fixed-wing cruise, backward conversion, vertical landing.

1) VERTICAL TAKEOFF
After the ground checks and tests before the flight test are
all completed, the UAV takes off in helicopter mode, and its
flight data is shown in Figure 22 - 24.

FIGURE 22. Pitch channel input and output comparison.

FIGURE 23. Roll channel input and output comparison.

FIGURE 24. Altitude channel input and output comparison.

It can be seen from the Figure 22 that in the hoveringmode,
the pitch angle of the UAV remains basically unchanged at
around 0◦, and the controlled pitch channel is mapped to the
nacelle tilting angle in the helicopter mode. Therefore, the
pitch angle does not change with the pitch control. Figure 23
shows the relationship between the roll angle and the manip-
ulation input. It can be seen from the figure that when the
manipulation input is not given, the roll angle of the UAV
basically remains unchanged, and the response characteristics
of the manipulation input is better. During the whole hovering

process, the attitude angle of the UAV basically did not
change, and the stability of the UAV was better. When the
throttle amount reaches 40%, the pulling force provided by
the rotor is sufficient to make the UAV take off. The altitude
can be well stabilized at the given throttle amount.

2) ALTITUDE CLIMB
After the QTR is taking off, in order to carry out a safe
conversion flight, the QTR needs to be raised to a certain
atitude. The specific attitude information during the altitude
climb is shown in the Figure 25– 27:

FIGURE 25. Pitch channel input and output comparison.

FIGURE 26. Roll channel input and output comparison.

FIGURE 27. Altitude and velocity.

When the given throttle amount continues to increase
(more than 40%), the rotor provides sufficient pulling force
to raise the QTR UAV. During this process, the attitude angle
of the UAV basically did not change and remained stable
within a certain value. The forward flight speed has a small
range change. This is because in the helicopter mode, the
pitch channel corresponds to the tilt of the nacelle. The pitch
control causes the nacelle to tilt, so that the UAV gains a
certain forward pulling force.

3) FORWARD CONVERSION
In the entire flight process, forward conversion is the most
important flight mode. When the altitude rises to a certain
level (more than 50m), the nacelle starts to tilt forward at a
fixed speed (15◦/s), when the tilt angle reaches 60◦, If the
forward speed is greater than the set speed of 18m/s, the
nacelle will continue to tilt to 90◦, otherwise the nacelle will
wait for the speed to reach the set speed at the position of 60◦.
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FIGURE 28. Pitch channel input and output comparison.

FIGURE 29. Roll channel input and output comparison.

FIGURE 30. Altitude and velocity.

During the entire tilting process, there is no input for the
control of the pitch angle. However, in the transition phase,
in order to ensure the safe transition of the UAV, and to control
the altitude, it is necessary to simultaneously change the
motor speed and the attitude angle of the fuselage to stabilize
the altitude. From the Figure 28 and 29, it can be seen that the
pitch angle has basically not changed. During the entire tilting
process, there is no operation input for the roll angle, and the
roll angle of the UAV remains basically unchanged during the
entire process, and the UAV has better stability enhancement
effects. It can be seen from the Figure 30 that the height
of the UAV remains basically unchanged during the entire
tilting process. However, at the beginning of the transition,
the nacelle’s tilting rate is slow and the forward flight speed
is established slowly. When the tilt angle becomes larger, the
speed will increase rapidly. When the current flying speed
reaches the set speed of 18m/s, the nacelle will pass the
set angle of 60◦ smoothly, reach the horizontal position, and
complete the modal transition in 6s.

4) FIXED-WING CRUISE
When the nacelle is fully tilted to the horizontal position,
the UAV starts to fly in fixed-wing mode, and its cruise data
results are shown in Figure 31 – Figure 34:
From Figure 31 and Figure 32, it can be seen that in the

cruise mode, the attitude of the UAV can follow the control
input well, and it has certain stabilization characteristics.
Since the UAV has no rudder, so the heading control is
realized by the differential speed of four motors. It can also
be seen from the Figure 33 that the motor differential speed

can effectively control the heading of the UAV. In the heading
control, the yaw angular velocity is controlled. From the
Figure 34, it can be seen that the altitude of the QTR remains
basically unchanged during the entire cruise, but the forward
flight speed changes greatly.

5) BACKWARD CONVERSION
After the fixed-wing cruise flight is about 1 minute, the
QTR changes from fixed-wing mode to helicopter mode and
prepare to vertical landing. During the conversion of the
nacelle backward tilt, the nacelle’s tilting speed is a fixed
rate (15◦/s), and the nacelle reaches the vertical position
after 6s, which completing the transition from fixed-wing
mode to helicopter mode. During the transition process of
the backward conversion, no control input was given to the
QTR. QTR automatically complete the entire tilting process.
The information of its attitude, altitude and forward speed is
shown in the Figure 35 – Figure 37.

FIGURE 31. Pitch channel input and output comparison.

FIGURE 32. Roll channel input and output comparison.

FIGURE 33. Yaw channel input and output comparison.

From the Figure 35 and Figure 36, it can be seen that the
pitch and roll angles of the QTR remain basically unchanged
and stay near 0◦ during the entire backward conversion pro-
cess. The QTR has a good stability enhancement characteris-
tics. It can be seen from the Figure 37 that after the start of
the tilt, the forward flight speed will drop rapidly. When the
nacelle tilt angle is large, the speed will drop slowly, and it
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FIGURE 34. Altitude and velocity.

FIGURE 35. Pitch channel input and output comparison.

FIGURE 36. Roll channel input and output comparison.

FIGURE 37. Altitude and velocity.

will eventually be 0m/s. This is because the forward pulling
force of the rotor will become smaller with the nacelle tilts,
and the lift provided by the wing of the UAV will gradually
transfer to the pulling force of the rotor. It can also be seen
from the figure that the height of the QTR will increase
during the entire backward conversion. This is because, at
the beginning of the backward conversion, the forward flight
speed of the UAV is relatively high, and the lift provided by
the wings is sufficient. The rotor provides an upward pulling
force, so that the pulling force of the rotor and the lift provided
by the wings are greater than the gravity of the QTR, so that
the QTR will increase when it tilts backward.

6) VERTICAL LANDING
When the nacelle fully tilts from the horizontal position to the
vertical position after 6s, the QTRUAV changes to helicopter
mode and starts flying in the helicopter mode. In this mode,
the controlled pitch channel is mapped to the nacelle tilt
angle. The pitch angle of the fuselage is set to 0◦. In the
process of vertical landing, its attitude, altitude and forward
speed information are shown in Figure 38 – Figure 40.

FIGURE 38. Pitch channel input and output comparison.

FIGURE 39. Roll channel input and output comparison.

FIGURE 40. Altitude and velocity.

It can be seen from the figure 38 that when flying with
a helicopter mode, the pitch angle of the fuselage remains
basically unchanged during the whole vertical landing pro-
cess, basically maintaining around 0◦. The pitch control cor-
responds to the tilt angle of the nacelle, which causes a change
in the forward flight speed in the Figure 40, and moves the
horizontal position. Figure 39 describes the response relation-
ship between the roll angle and the manipulation input during
vertical landing. It can be seen from the figure that the roll
angle of the UAV can quickly follow the manipulation input.
It can be seen from the altitude information in Figure 40.
When the conversion is complete, decrease the input of the
throttle, the altitude of the drone will decrease, and finally
land.

D. DISCUSSION
The partial flight path of the prototype QTR flight test is
shown in Figure 41. Figure 42 shows several key modal
states of the prototype aircraft during the flight test. In hover
mode, the UAV can maintain good stability and be sensitive
to control. The acceleration process of the UAV is relatively
obvious through the tilt of the nacelle and the acceleration is
relatively fast. During the conversion, the nacelle began to tilt
forward and the forward speed increased rapidly. When the
current flight speed reaches 18m/s, the nacelle will continue
to tilt to the horizontal position to complete the mode change
and switch to the fixed-wing mode. Under the fixed-wing
mode cruise flight, the unmanned vehicle can quickly follow
the control of the remote control to conduct a stable stability
control flight.
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FIGURE 41. Partial flight path.

FIGURE 42. Prototype aircraft flight mode.

FIGURE 43. Pitch channel input and output comparison.

FIGURE 44. Roll channel input and output comparison.

Figure 43 shows the relationship between the pitch channel
input of the prototype and the pitch angle of the UAV. In
the helicopter mode, the UAV still uses the pitch channel
manipulated to correspond to the tilt of the nacelle to keep
the attitude stable. It can be seen from the figure that in the
helicopter mode, the pitch angle of the fuselage basically
remains unchanged, stable at 0◦. When switched to fixed-
wing mode, the pitch angle of the fuselage can quickly follow
the control input. In the helicopter mode, the stabilization
effect is more significant.

Figure 44 shows the result of the roll angle following
manipulation input on the roll channel of the prototype QTR.
As can be seen from the figure, the roll angle can quickly
follow the control input in the helicopter and fixed-wing

modes. In helicopter mode, the stabilization effect of the
rolling channel is more significant.

Figure 45 shows the changes in altitude and forward speed
during the entire flight. As can be seen from the figure,
when the mode is changed from helicopter to fixed-wing,
the forward speed will increase rapidly, and the altitude will
remain basically unchanged. After the current flying speed
reaches the required speed of the fixed-wing, the nacelle
directly tilts to the horizontal position, and the UAV starts to
fly in the fixed-wing mode. When the UAV changes from the
fixed-wing mode to the helicopter mode, the forward flight
speed begins to decrease, and the altitude rises. Because the
forward flight speed is high, the lift provided by the wings is
enough to offset the gravity of the fuselage, and the nacelle
starts to tilt upwards, the rotor will generate additional pulling
force on the fuselage, causing the QTR to rise.

FIGURE 45. Altitude and velocity.

VII. CONCLUSION
In this paper, aiming at the complex conversion process of
QTR. To solve the problem of redundancy and coupling in
conversion mode, the conversion corridor of the QTR with
partial tilt wing is established. The altitude, forward velocity
and tilt angle are introduced into the manipulation strategy to
ensure the stability of the altitude and attitude in conversion
process. The tilt angle of nacelle is used to control the lon-
gitude of the QTR in helicopter mode and the speed error of
propeller is used to control the course of QTR in fixed-wing
mode. The simulation based on ADRC controller is carried
out and the results show that the manipulation strategy can
ensure the stability of the altitude and attitude of the QTR
with partial tilt wing in the conversion process.

The flight tests show that it is effective to control the hor-
izontal movement of the helicopter mode by the inclination
of the nacelle and the course of the fixed-wing mode by the
differential speed of the motors. It verifies that the manipu-
lation strategy and allocation are reasonable and effective in
the conversion mode.
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