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Abstract
This paper focuses on a quad tilt rotor unmanned aerial vehicle (UAV) with both the ability of vertical take-off
and landing (VTOL) and high speed cruise, briefly introduces the overall layout and flying mechanics, and
formulates the model of flight dynamics for the three flight modes, including the VTOL mode, the conversion
mode and the fixed wing mode, with one formation which takes the tilt angle of rotor as a variable. Next, the
surface allocation, tilt conversion corridor and flight control law is designed, and the closed loop flight control
system is constructed. At last, all the system is integrated for the virtual flight test in wind tunnel, which
evaluates augmentation effect and handling performance of the control laws in three flight modes, and
preliminary validates the tilt conversion corridor and its control scheme.
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1. Introduction
Research and development on the vertical take-off and landing (VTOL) aircraft have regained much
attention in recent years [1, 2]. NASA and Defense Advanced Research Projects Agency (DARPA)
have started programs to develop next-generation advanced VTOL aircraft [3]. NASA’s VTOL
unmanned aerial vehicle (UAV) named GL-10 successfully completed the transition flight tests [4].
The Japan Aerospace Exploration Agency (JAXA) has been investigating the practical applicability
of VTOL aircraft as a future civil transport, and they have proposed a commuter class Quad-TiltWing (QTW) aircraft [5, 6]. At the Low Speed Aerodynamic Institution of the China Aerodynamics
Research and Development Center in China, a Quad Tilt Rotor (QTR) tandem wing UAV is taken as
a benchmark for verification and validation of flight control laws in conversion flights.
In order to conduct conversion flight between the VTOL configuration and the fixed wing configuration,
direction of the thrusts varies from 0 to 90 deg by tilting the four rotors simultaneously. The dynamics
of the QTR aircraft are not stable for most wing tilt angles, and the unstable dynamic characteristics
of the motions change dramatically according to the rotor tilt angles [7]. Therefore, flight control law
design is thus a key factor to make sure that the QTR aircraft flies safely.
This paper summarizes the design, verification, implementation and flight test of Control
Augmentation System (CAS) for a Quad Tilt Rotor (QTR) Unmanned Aerial Vehicle (UAV) in the low
speed wind tunnel which has VTOL as well as high speed cruise capabilities. The control law design
is based on the tilt corridor and scheduled by the tilt angle of the rotors of the QTR UAV. After being
preliminarily verified in simulations, the control law is readily rapid prototyped in the flight computer
and integrated with the avionic instruments including sensors and actuators. Performance of the
flight control law is further verified by virtual flight tests in wind tunnel and the QTR UAV successfully
achieved steady VTOL model, tilt conversion mode, fixed wing mode, and full conversion flight; that
is, the QTR UAV achieved vertical take-off, accelerating transition, high speed cruise, decelerating
transition, and vertical landing.

2. Flying and Handling Mechanics
2.1 Layout of the Quad Tilt Rotor UAV
As presented in Figure 1(a), the QTR UAV is a tandem fixed-wing aircraft equipped with a rotor on
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each tip, which can tilt from level to vertical. There are no control surfaces on the front wing and
vertical tail, except two flaperons on the rear wing driven by an actuator to deflect as elevators or
split as ailerons. As shown in Figure 1(b), the four rotors are driven by brushless motors to direction
A (clockwise) and B (anticlockwise) in order to cancel the counter torque as much as possible. The
four motors are connected to the same linkage and driven to tilt synchronously by an actuator.
Besides, the avionic system including all the sensors and actuators is located inside the fuselage.

(a) QTR UAV Benchmark

(b) Overall Layout

Figure 1 – Overall layout of the quad-tilt rotor UAV.

2.2 Flying Modes and Handling Mechanics
The motions of the QTR UAV are controlled by propellers driven by electric motors mounted at the
wing tips, and aerodynamic force driven by flaperons implemented at the trailing edges of rear wings.
The handling mechanics is shown in Figure 2. In VTOL mode, pitching moment is generated by the
thrust difference between the fore and rear propellers, rolling moment is generated by the thrust
difference between the left and right propellers, and yawing moment is generated by adjusting the
clockwise and anticlockwise reaction torques of four propellers. In fixed-wing mode, pitching moment
is generated by simultaneously deflecting left and right flaperons of rear wings, rolling moment is
generated by the force difference between the left and right flaperons, and yawing moment is
generated by force made by thrust difference between the left and right propellers. In transition mode
between VTOL and fixed-wing modes, combination method of interpolating between these modes is
used. Thus, the motor rate command is the sum of ones for pitching control, rolling control, yawing
control and pilot throttle stick position. Similarly, flaperon command is the sum of ones for pitching
and rolling control.

Figure 2 – Handling mechanics for different flight modes.

3. Modeling of Flight Dynamics
3.1 General Equations
Following a standard approach, the aircraft model is obtained from the dynamics and kinematics
equations [8]. The 12th order aircraft model may thus be summarized as follows:
1
𝑉̇ = 𝑚 𝐹 − 𝛺 × 𝑉

𝛺̇ = 𝐼 −1 (𝑀 − 𝛺 × 𝐼𝛺)
𝑋̇ = 𝑅(𝛷)𝑉
{
𝛷̇ = 𝑇(𝛷)𝛺
2

(1)
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where, 𝑉 = [𝑢 𝑣 𝑤]𝑇 , 𝛺 = [𝑝 𝑞 𝑟]𝑇 , 𝑋 = [𝑥𝐸 𝑦𝐸 ℎ]𝑇 , 𝛷 = [𝜑 𝜃 𝜓]𝑇 . R(Φ) and T(Φ) denote the
rotation matrixes.
The forces applied to the aircraft can be decomposed into three terms (engines thrust, gravity and
aerodynamic forces):
𝐹 = 𝐹𝑒𝑛𝑔 + 𝐹𝑔 + 𝐹𝑎
𝐶𝑥𝑏
(𝑇𝑓𝑙 + 𝑇𝑓𝑟 + 𝑇𝑟𝑙 + 𝑇𝑟𝑟 )𝑐𝑜𝑠(𝜏𝑤 )
0
𝑇
=[
] + 𝑅(𝛷) ( 0 ) + 𝑞 ∙ 𝑆𝑟𝑒𝑓 [𝐶𝑦𝑏 ]
0
𝑚𝑔
𝐶𝑧𝑏
−(𝑇𝑓𝑙 + 𝑇𝑓𝑟 + 𝑇𝑟𝑙 + 𝑇𝑟𝑟 )𝑠𝑖𝑛(𝜏𝑤 )

(2)

The moment about the center of gravity G of the aircraft results from the rotors, aerodynamic actions
and moment resulting from the thrust:
𝑀 = 𝑀𝑒𝑛𝑔 + 𝑀𝑎
(𝑇𝑓𝑙 − 𝑇𝑓𝑟 + 𝑇𝑟𝑙 − 𝑇𝑟𝑟 )𝑠𝑖𝑛(𝜏𝑤 ) ∙ 𝑙 𝑇𝑦
= [(𝑇𝑓𝑙 + 𝑇𝑓𝑟 )𝑠𝑖𝑛(𝜏𝑤 ) ∙ 𝑙 𝑇𝑥𝑓 − (𝑇𝑟𝑙 + 𝑇𝑟𝑟 )𝑠𝑖𝑛(𝜏𝑤 ) ∙ 𝑙 𝑇𝑥𝑟 ]
(𝑇𝑓𝑙 − 𝑇𝑓𝑟 + 𝑇𝑟𝑙 − 𝑇𝑟𝑟 )𝑐𝑜𝑠(𝜏𝑤 ) ∙ 𝑙 𝑇𝑦
𝐶𝑙𝑏_𝑤𝑏 ∙ 𝑏
(𝑀𝑓𝑙 − 𝑀𝑓𝑟 − 𝑀𝑟𝑙 + 𝑀𝑟𝑟 )𝑐𝑜𝑠(𝜏𝑤 )
+[
] + 𝑞 ∙ 𝑆𝑟𝑒𝑓 [𝐶𝑚𝑏_𝑤𝑏 ∙ 𝑐] + 𝐺𝐴 × 𝐹𝑎_𝑤𝑏
0
𝐶𝑛𝑏_𝑤𝑏 ∙ 𝑏
(−𝑀𝑓𝑙 + 𝑀𝑓𝑟 + 𝑀𝑟𝑙 − 𝑀𝑟𝑟 )𝑠𝑖𝑛(𝜏𝑤 )

(3)

In formula (2) and (3), 𝜏𝑤 ∈ [0° 90°] denotes the tilt angle of rotor, 𝑙 𝑇𝑦 is the roll arm of rotor, 𝑙 𝑇𝑥𝑓
and 𝑙 𝑇𝑥𝑟 denote the front and rear pitch arm respectively, 𝑆𝑟𝑒𝑓 is the aera of both wings,
[𝐶𝑥𝑏 𝐶𝑦𝑏 𝐶𝑧𝑏 ]𝑇 denotes the coefficients of aerodynamic forces in the body fixed coordinate,
[𝐶𝑙𝑏_𝑤𝑏 𝐶𝑚𝑏_𝑤𝑏 𝐶𝑛𝑏_𝑤𝑏 ]𝑇 is the coefficients of aerodynamic moments also in the body frame, 𝑏 is the
wing span, 𝑐 is the mean chord, 𝐺𝐴 is the length between the center of mas and the aerodynamic
reference point.
The amount of force generated by the rotor is proportional to the square of its rotational speed. The
rotor speed command consists of the following six parts: throttle trimming, throttle command, rotor
elevator, rotor aileron, rotor rudder, and the counter torque rudder. In addition, assuming that the
rotational speed dynamics of the four rotors are the same, they can all be represented by a firstorder system. Therefore, the dynamic models of the four rotors can be expressed as:
𝑇𝑓𝑙 = 𝑘𝑝𝑟𝑜 {𝑓𝑠𝑐ℎ [𝛿𝑡ℎ_𝑡𝑟𝑖𝑚 +

1
(𝛿𝑡ℎ_𝑐
𝑇𝑡ℎ 𝑠+1

2

+ 𝛿𝑝𝑤𝑒𝑙𝑒_𝑐 + 𝛿𝑝𝑤𝑎𝑖𝑙_𝑐 + 𝛿𝑝𝑤𝑟𝑢𝑑_𝑐 − 𝛿𝑎𝑛𝑟𝑢𝑑_𝑐 )]}

2

𝑇𝑓𝑟 = 𝑘𝑝𝑟𝑜 {𝑓𝑠𝑐ℎ [𝛿𝑡ℎ_𝑡𝑟𝑖𝑚 +

1
(𝛿𝑡ℎ_𝑐
𝑇𝑡ℎ 𝑠+1

+ 𝛿𝑝𝑤𝑒𝑙𝑒_𝑐 − 𝛿𝑝𝑤𝑎𝑖𝑙𝑐 − 𝛿𝑝𝑤𝑟𝑢𝑑_𝑐 + 𝛿𝑎𝑛𝑟𝑢𝑑_𝑐 )]}

𝑇𝑟𝑙 = 𝑘𝑝𝑟𝑜 {𝑓𝑠𝑐ℎ [𝛿𝑡ℎ_𝑡𝑟𝑖𝑚 +

1
(𝛿𝑡ℎ_𝑐
𝑇𝑡ℎ 𝑠+1

− 𝛿𝑝𝑤𝑒𝑙𝑒_𝑐 + 𝛿𝑝𝑤𝑎𝑖𝑙_𝑐 + 𝛿𝑝𝑤𝑟𝑢𝑑_𝑐 + 𝛿𝑎𝑛𝑟𝑢𝑑_𝑐 )]}

{ 𝑇𝑟𝑟 = 𝑘𝑝𝑟𝑜 {𝑓𝑠𝑐ℎ [𝛿𝑡ℎ_𝑡𝑟𝑖𝑚 +

1
(𝛿𝑡ℎ_𝑐
𝑇𝑡ℎ 𝑠+1

2

(4)

2

− 𝛿𝑝𝑤𝑒𝑙𝑒𝑐 − 𝛿𝑝𝑤𝑎𝑖𝑙𝑐 − 𝛿𝑝𝑤𝑟𝑢𝑑𝑐 − 𝛿𝑎𝑛𝑟𝑢𝑑_𝑐 )]}

where, the speed control command is a dimensionless value from 0 to 100%, and the dimensional
speed (rpm) is calculated via looking-up table; the coefficient 𝑘𝑝𝑟𝑜 and the tine constant of 𝑇𝑡ℎ can
be calibrated by experiments.
The flaperons are driven by digital servos, which can also be regarded as a first-order system.
Deflection of the left and right flaperon is combined by the elevator and aileron commands:
𝛿𝐹_𝑙 = 𝑇𝑎1𝑠+1(𝛿𝑓𝑙𝑒𝑙𝑣_𝑐 + 𝛿𝑓𝑙𝑎𝑖𝑙_𝑐 )
{
𝛿𝐹_𝑟 = 𝑇𝑎1𝑠+1(𝛿𝑓𝑙𝑒𝑙𝑣_𝑐 − 𝛿𝑓𝑙𝑎𝑖𝑙_𝑐 )

(5)

The time constant 𝑇𝑎 is also obtained by experimental calibration.

3.2 Surface Allocation
According to flying and handling mechanics of the QTR UAV, the surface allocation scheme in each
3
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flight mode is designed as following:
VTOL mode: while 60° ≤ τw ≤ 90°, aerodynamics resulting from the fixed-wing is neglectable. The
pitch motion is controlled via differential action between the front and rear rotors. Meanwhile, the
elevator surface is kept at zero, which means 𝐾𝛿𝜃_𝜏𝑤 = 1, as shown in Figure 3; The roll motion is
controlled via differential action between the left and right rotors, and the yaw motion is controlled
via counter torque between the clockwise and anticlockwise rotors. Besides, the aileron surface is
also kept at zero, which means K δΦ_τw = 1 and 𝐾𝛿𝜓_𝜏𝑤 = 0, as shown in Figure 4.
1

Kδθ_τw
τw
90

0

Kδpw_elv

Pitch Rate,q

δth

δpw_elv

Kth

Kδθ_τw

Pitch
SAS

Throttle,δth

Pitch Command,δθ
δfl_elv

Kδfl_elv

1-Kδθ_τw

Figure 3 – Control assignment scheme for the longitudinal channel.
Fixed-wing mode: while 0° ≤ 𝜏𝑤 ≤ 30°, the fixed-wing aerodynamics plays a leading role, and the
above vertical take-off and landing mode control commands are all set to zero. The pitch attitude is
controlled by the elevator, the aileron controls the roll motion, and the heading is controlled via
differential action between left and right rotors. As a result, 𝐾𝛿𝜃_𝜏𝑤 = 0, 𝐾𝛿𝛷_𝜏𝑤 = 0 and 𝐾𝛿𝜓_𝜏𝑤 = 1,
as shown in Figure 3 and 4.
Tilt conversion mode: while 30° < 𝜏𝑤 < 60°, both the VTOL and the fixed-wing mode is active. Taking
the tilt angle 𝜏𝑤 as variable, the weighting coefficients of 𝐾𝛿𝜃_𝜏𝑤 , 𝐾𝛿𝛷_𝜏𝑤 and 𝐾𝛿𝜓_𝜏𝑤 can be tabulated
and interpolated to construct the corresponding surface allocation scheme.
1

0

Roll Rate, p
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τw
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1
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90
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Yaw Rate, r

Roll
SAS
Yaw
SAS

Roll Command,δφ
Yaw Command, δψ
δfl_ail

Kδfl_ail

δfl_rud

1-Kδφ_τw

1-Kδψ _τw

Kδfl_rud

Figure 4 – Control assignment scheme for the lateral & directional channels.

3.3 Tilt Conversion Corridor
The tilt angle schedule against airspeed in conversion mode is designed based on trimming analyses
of each rotor tilt angle generated from the simulation of nonlinear flight dynamics model. The corridor
for the converdion schedule is determined based on angle of attack before wing stall. The trimming
and analysis were carried out under the configurations of 𝜏𝑤 = [90°, 80°, 60°, 30°, 15°, 0°] respectively,
as shown in Figure 5.
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Figure 5 – Schematic diagram of the tilting corridor during transitional flight.

4. Flight Control Law
4.1 Longitudinal Channel
The longitudinal flight control law [9] is designed as a pitch angle Control Augmentation System
(CAS), as shown in Figure 6. For the inner loop, pitch rate is fed back and proportional gained to
improve damping ratio; In the out loop, pitch angle is fed back for a Proportional-Integral (PI)
controller which aims to speed up response and decline error of the closed-loop. As a result, while
placing the stick at neutral pitch positon, the aircraft keeps level; pulling the stick, the airciraf noses
up; pushing the stick, the aircraft noses down. The flight speed channel is controlled as a open-loop
which modifies the motors’ speed simutaneously via throttle.
At each trimming potint of the converion corridor, the control gains are deduced with root locus.
Otherwise, the control gains are interpolated from the neighbourhood trimming points.

4.2 Lateral & Directional Channel
As presented in Figure 7, a roll angle CAS [9] is designed for the lateral channel with controller
structure and manipulation mechanics similar to the longitudinal channel. However, the yaw
controller is just a Stability Augmentation System(SAS). Due to the deterioration of heading sensor
in wind tunnel, only yaw rate is available for feedback to improve yaw damping ratio. While placing
the stick at neutral yaw position, the aircraft keeps at the current heading direction; twisting the stick
to left, the aircraft turns left, vice versa.

Figure 6. Longitudinal flight control law.
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Figure 7 – Lateral & directional flight control law.

5. Virtual Flight Test
5.1 Test Setup
A four degree-of-freedom (DOF) virtual flight test rig (see Table 1 for technical index) is developed
in the 1.4 m×1.4 m Wind Tunnel, and then the virtual flight test is carried out.
Table 1 – Technical index of the 4-DOF virtual flight support device.
content

index

Pitch angle

±45°

Roll angle

±45°

Yaw angle

±180°

Vertical motion

≤100 mm

Maximum model weight

≤20 kg

Maximum model wing span

≤1000 mm

Maximum test wind speed

≤40 m/s

The overall layout of the virtual flight test system [10] in the field is shown in Figure 8. The QTR UAV
is supported at the center of test section with the 4-DOF rig; the onboard sensors, motors and
actuators are connected to the flight control system outside the wind tunnel by wire; For convenience
of testing and manpulation, the ground station, including flight computer, visual display system and
pilot stick, is placed at the rear side of test section.

Figure 8 – Layout of the apparatus in the wind tunnel.
6

VIRTUAL FLIGHT VALIDATION OF A QUAD TILT ROTOR UAV

5.2 Results and Discussion
The effectiveness of the flight control law is verified through the virtual flight test in wind tunnel for
VTOL, fixed-wing and transition modes, respectively. The control gain parameters are optimized and
the control stability characteristics of each mode are preliminarily evaluated. By virtual flight test
simulating the full tilt-transition process, the validity of the tilt-transition corridor design method and
control strategy is verified, as shown in Figure 9.

(a) VTOL mode

(b) tilt-transition mode

(c) fixed-wing mode
Figure 9 – Virtual flight test in wind tunnel with a tilt-rotor UAV.
Take for example the full transition process, the key data log in virtual flight test is shown in Figure
10. The longitudinal control response is denoted by ‘(a)’ and lateral & directional one by ‘(b)’. The
results show that the transition in “tilting corridor” is a continuous process including vertical take-off,
accelerating transition, high speed cruise, decelerating transition, and vertical landing sequentially.
At first, the vehicle hovers with the quadrotor configuration. Secondly, the wind speed rises from zero
to the cruise speed; and the rotor tilt angle is adjusted to the corresponding value as wind speed
increases according to the trimmed tilt corridor. Vertical motion and pitch movement are hardly seen,
which means the flight can keep stable during the transition. Furthermore, when the wind speed
becomes stable, the rotors face forward in the meantime and the flight turn into fixed-wing mode.
Similarly, the decelerating transition performs with wind speed decreasing until the vehicle is
recovered to quadrotor mode as the wind stops.
The test results indicate that: (1) The design method of the tilt transition flight corridor based on
dynamic model trimming can ensure a safe and smooth transition between the two modes of the
VTOL and high-speed forward flight. It provides a feasible solution of "slow-process" smooth
switching between the VTOL mode and the fixed-wing level-flight mode of multi-rotor UAVs. (2) The
flight dynamic model and flight control law, which are established based on gain schedule method,
can automatically adjust their parameters according to the parameter of "rotor tilt angle" to satisfy
the requirements of attitude stabilization control during different flight modes. (3) The virtual flight
test in wind tunnel can effectively reduce the cost and risk of flight verification for tilt-rotor UAV and
7
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its control strategy and control law, and greatly improve the efficiency of flight verification test.

(a) longitudinal control response

(b) lateral & directional control response

Figure 10 – Virtual flight test data log of tilt transition mode.

6. Conclusions
This paper focuses on a quad tilt rotor UAV with both the ability of VTOL and high speed cruise,
briefly introduces the overall layout and flying mechanics, and formulates the model of flight
dynamics for the three flight modes, including the VTOL mode, the transition mode and the fixed
wing mode, with the same formation which takes the tilt angle of rotor as a variable. Following, the
surface allocation, the tilt transition corridor and flight control law is designed, and the closed loop
flight control system is constructed. At last, all the system is integrated in the virtual flight test in wind
tunnel, which evaluates the augmentation effect and operation performance of the control laws in
three flight modes, and preliminary validates the tilt transition corridor and its control scheme.
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